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WEDNESDAY, SEPT. 9, 1881
0900-1030

SESSION | — BOUNDARY LAYERS |
194 CHEMISTRY

T. J. Hanratty — Chairman

Evaluation of turbulence models for near-wall and low-Reynolds
number flows
V. C. Patel, W. Rodi, G. Scheuerer
Decay of turbulence during a laminar reorganization in pipe flow
P. Vallette, M. Lebouche
A physical interpretation of the spectra of wall turbulence
A. E. Perry, M. S. Chong
*Turbulence and mean flow measurements in an incompressible
axisymmetric bouncary layer with incipient separation
P. Dengel, H.H. Fernholz, J. D. Vagt
*Measurements in a turbulent boundary layer flow over a
two-dimensional hill
A. J. Smits, V. Baskaran, P. N. Joubert
Theoretical prediction of confluent boundary layers
G. ‘N. Brune

1030-1100 COFFEE BREAK

1100-1300

SESSION 2 — BOUNDARY LAYERS Il
194 CHEMISTRY

M. Rubesin — Chairman

Three dimensional boundary layer development in an axially rotating
Pipe

M. Murakami, K. Kikuyar, K. Nishibori
Three-dimensional turbulent boundary layer on a spinning thin
cylinder in an axial uniform stream

I. Nakamura, S. Yamashita, T. Watanabe, Y. Sawaki
Turbulent field of a boundary layer very close to an axially roatated
cylinder

E. Arzoumanian, M. Leborgne, L. Fulachier
Turbulent flow in unbounded streamwise comers

D. Arnal, J. Cousteix
A near-wall pressure-strain model for turbulent comer flows

F. B. Gessner, H. M. Eppich
Bulk dilatation effects on Reynolids stresses in the rapid expansion of a
turbulent boundary layer at supersonic speed

J. P. Dussauge, J. Gaviglio

*PAPER DOES NOT APPEAR IN BOUND SYMPOSIUM VOLUME




1100-1300

SESSION 3 — REACTING FLOWS
179 CHEMISTRY

H. A. Becker — Chairman

Movements of flame-fronts and their properties in a turbulent diffusion

M. Ahlheim, H. Hoffmann, W. Leuckel
A chemically reacting plane mixing layer
S. V. Sherikar, R. Chevray
Study of a furbulent diffusion flame in a channel flow
J. M. Most, N. Harivel, P. Joulain, B. Szta!
Computation and its comparison with experiments of time-mean and
fluctuating properties in round jets with and without flame
T. Takagi, S. Kotoh
Investigations on a reaction modei for turbulent diffusion flames
H. Eickhoff, K. Grethe
Caicufations of velocity-scalar joint PDF's
S. B. Pope
Premixed combustion in a turbulent boundary layer with injection
S. Meunier, M. Champion, J. C. Bellet
Lagrangian-Euferian calcufation of turbuient diffusion flame
propagation
W.T. Ashurst, P. K. Barr

1300-1400 LUNCH ON THE LAWN

1400-1530

SESSION 4 — CURVED FLOWS
194 CHEMISTRY

W. Radi — Chairman

*A generalized algebraic relation for prediciting developing
curved channel flow with K-€ model of turbulence
J. A. C. Humphrey, F. Pourahmadi
Cakulation of a turbulent wall jet on a curved wall with a Reynolds
stress mode! of turbulence
M. M. Gibson, B. A. Younis
Measurements in the heated turbulent boundary fayer on a mildly
curved convex surface
M. M. Gibson, C. A. Verriopoulos, Y. Nagano
Turbulent shear flows behind cylinder and sphere in curved channels
H. $. Koyama
Effects of stable and unstable free streams on a turbulent flow over a
concave surtace
8. Nakano, A Takahashi. T, Shizawa, S. Honami

1400-1530

SESSION 5 — CONFINED FLOWS
179 CHEMISTRY

J. J. D. Domingos — Chairman

Prediction and measurement of flow and heat transfer in motored
diesel engine swirl chambers

M. M. M. Abou-Eliail, M. M. Elkotb
Comparison of calculated and measured velocities for a turbulent
swirling flow inside a cylindrical enclosure

T. Morel, N. N. Mansour, V. Saxena, R. B. Rask
Features of turbulent pipe flows in deveiopment and decay

E. M. Laws, E-H. Lim, J. L. Livesey
Calculations ot confined coaxial-jet flows

M. A. Habib, J. H. Whitelaw
Experimental and numerical studies of the turbulent shear fiow in a
pipe with a weakly wavy wall

M. P. Chauve, R. Schiestel

1530-1600 COFFEE BREAK

1600-1730

SESSION 6 — JETS AND WAKES
194 CHEMISTRY

V. W. Goldschmidt — Chairman

A complex turbulent wake
G. Fabris
Measurements in a iow momentum jet into a crossfiow
J. Andreopoulos
The turbulence characteristics in the near-region of the wall jet issued
from a small inclined slot
M. Hatano
Response of a plane turbulent wall jet to the perturbation by a cylinder
1. Nakamura, H. Osaka, H. Yamada

1600-1730

SESSION 7 — OPEN FORUM

179 CHEMISTRY

i. S. Gartshore and P. A, Libby — Chairmen
1830-1930 CASH BAR — FACULTY CLUB

1930 DINNER — FACULTY CLUB

THURSDAY,
0830-1030 |
SESSION 8§
184 CHEMI
L. H. Back -4
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T. Ha
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1400-1530
SESSION 5§ — CONFINED FLOWS
179 CHEMISTRY

J. J. D. Domingos — Chairman

Prediction and measurement of flow and heat transfer in motored
diesel engine swirl chambers

M. M. M. Abou-Eliail, M. M. Elkotb
Comparison of caiculated and measured velocities for a turbulent
swirling flow inside a cylindrical enclosure

T. Morel, N. N. Mansour, V. Saxena, R. B. Rask
Features of turbulent pipe fiows in development and decay

E. M. Laws, E-H. Lim, J. L. Livesey
Calculations of confined coaxial-jet fiows

M. A. Habib, J. H. Whitelaw
Experimental and numerical studies of the turbulent shear flow in a
pipe with a weakly wavy wall

M. P. Chauve, R. Schiestel

1530-1600 COFFEE BREAK

1600-1730
SESSION 6 — JETS AND WAKES
194 CHEMISTRY

V. W. Gokischmidt — Chairman

A complex turbulent wake
G. Fabris
Measurements in a low momentum jet into a crossfiow
J. Andreopoulos
The turbulence characteristics in the near-region of the wall jetissued
from a small inclined siot
M. Hatano
Response of a plane turbulent wall jet to the perturbation by a cylinder
|. Nakamura, H. Osaka, H. Yamada

1600-1730
SESSION 7 — OPEN FORUM
179 CHEMISTRY

1. S. Gartshore and P. A, Libby — Chairmen
1830-1930 CASH BAR — FACULTY CLUB

1930 DINNER — FACULTY CLUB

THURSDAY, SEPT. 10, 1981

0830-1030
SESSION 8 — PERIODIC WALL FLOWS
194 CHEMISTRY

L. H. Back — Chairman

A dynamical and visual study on the osciflatory turbulent boundary
layer
T. Hayashi, M. Ohashi
The flow of a row of turbulent vortex-rings impinging onto a plate
E. Gutmark, Y. Haimovitch, M. Wolfshtein
On the pulsating flow in a pipe
L. Shemer, |. Wygnanski
Measurements of the periodic velocity oscillations near the wall in
unsteady turbulent channel flow
G. Binder, J. L. Kueny
A hybrid computing scheme for unsteady turbulent boundary layers
J. D. Murphy, P.M. Prenter
Dynamics of an unsteady turbulent boundary layer
P. G. Parikh, R. Jayaraman, W. C. Reynoids
Influence of Strouhal number on the structure of a flat plate turbulent
boundary fayer
J. Cousteix, J. Javelle, R. Houdeville

1030-1100 COFFEE BREAK

1100-1230
SESSION 9 — GEOPHYSICAL FLOWS |
179 CHEMISTRY

J. C. Wyngaard — Chairman

Diffusion from an elevated source within the atmospheric boundary

layer
P. C. Chatwin, P. J. Sullivan

Passive emissions from point sources in turbulent boundary layers
J. E. Fackrell, A. G. Robins

Pressure effects on triple correlations in turbulent convective flows
J.-C. André, P. Lacarrere, K. Traore

Turbulence measurements in an axisymmetric buoyant jet
F. Ogino, H. Takeuchi, M. Ohki, T. Mizushina
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1100-1230

SESSION 10 — HEAT AND MASS TRANSFER IN BOUNDARY
LAYERS

194 CHEMISTRY

K. Hanjalic — Chairman

On the similarity between velocity and temperature fields within a
turbulent spot
R. A. Antonia, A. J. Chambers, M. Sokolov, C. W. Van Atta
A structural study on a turbulent boundary layer with transpiration
M. Senda, S. Horiguchi, K. Suzuki, T. Sato
The mechanism of turbulent mass transfer at a boundary
J. A. Campbell, T. J. Hanratty
Caiculation of a turbulent boundary layer downstream of a sudden
decrease in surface heat flux or wall temperature
L. W. B. Browne, R. A. Antonia
Turbulent boundary layers on flat plates and in contracted or
expanded channels with angled injection and suction
V. M. Yeroshenko, A. V. Yershov, L. . Zaichik, A. A. Kiimov, V. |.
Kondratiev, L. S. Yanovsky
Experimental investigation of a turbulent boundary layer structure in
the region of a gas screen
Yu. V. Baryshev, A. |. Leontiev, N. K. Peiker

1230-1400 LUNCH ON THE LAWN

1400-1530
SESSION 11 — COHERENT STRUCTURES |
194 CHEMISTRY

|. Wygnanski — Chairman

Education of the “preferred mode” structure in the axisymmetric
mixing layer

K. B. M. Q. Zaman, A. K. M. F. Hussain
Entrainment and mixing in pulsatile jets

V. Sarohia, L. P. Bernal
Large scale motions in turbulent wakes

J. H. Gerrard
Development of the organized vortices in the turbulent near wake of a
circular cylinder: an experimental and numerical study

H. C. Boisson, P. Chassaing, H. Ha Minh, A. Sevrain
A theoretcial model of the coherent structure of the turbulent boundary
layer in zero pressure gradient

Z. Zhang, G. M. Lilley

1400-1530

SESSION 12 — GEOPHYSICAL FLOWS Il
179 CHEMISTRY

J.-C. André — Chairman

How time dependence and variable Froude number can explain more
rapid entrainment of the two-layer system in annulus experiments
J. W. Deardorff
A theoretical study of radiative cooling in homogeneous and isotropic
turbulence
D. Schertzer, O. Simonin
On the influence of buoyancy on the turbulent Ekman layer
U. Svensson
Sediment transport in stratified turbulent flow
B. A. DeVantier, B. E. Larock

1530-1600 COFFEE BREAK
1600-1730

SESSION 13 — DEBATE
194 CHEMISTRY

MOTION: Modelers disregard essential experimental facts
Chairman: L. J. S. Bradbury

PRO CON

P. N. Joubert C. du Pont Donaldson
J. Laufer W. C. Reynolds
FRIDAY, SEPT. 11, 1961

0830-1030

SESSION 14 — COHERENT STRUCTURES I

194 CHEMISTRY

A. K. M. F. Hussain — Chairman

Coherent structures in the similarity region of two-dimensional
turbulent jets

J. W. Oler, V. W. Goldschmidt
Experimental study of coherent structures in mixing layers of coaxial
jets

O. Leuchter, K. Dang

*Direct numerical simulations of turbulent free shear flows

R. W. Metcalfe, J. J. Riley

A three dimensional time dependent simulation of transition and earty
turbulence in a time-developing mixing layer

A. B. Cain, W. C. Reynolds, J. H. Ferziger
Spatial growth of wavy disturbunces in a plane shear layer between
two streams

B. V. Johnson, J. D. Lin

*Effects of the subharmonic and fundamental phase relationship

on an unsteady mixing layer
C.-M. Ho, Y. Zhang




130-1030
PESSION 15 — SCALAR TRANSPORT
§79 CHEMISTRY
J. Adrian — Chairman

Further results on the thermal mixing layer downstream of a
proulence grid .

E J. C. LaRue, P. A. Libby. D. V. R. Seshadri

Modeliing of homogeneous turbulent scalar field dynamics

t B.A. Kolovandin, N. N. Luchko, O. G. Martynenko

Modelling the dissipation rate of temperature variance in a thermal
hixing iayer

i S. Eighobashi, B. E. Launder

tural features of a uniformly distorted heated plane turbulent

Faxe

. J. G. Kawall, J. F. Keffer

eoretical and experimental determination of the turbulent diffusivity
or in homogeneous turbulent shear flow

- 8. Tavoularis, S. Corrsin

E¥urbulent transport in passively heated homogeneous and
phomogeneous flows

E K. R. Sreenivasan, S. Tavoularis, S. Corrsin

10301100 COFFEE BREAK

$3100-1230

SSION 16 — RECIRCULATING FLOWS |
479 CHEMISTRY
. McDonald — Chairman

Momentum, heat, and mass transfer in backward-facing step flows
B. F. Armaly, F. Durst. V. Kottke
Welocity characteristics in the vicinity of a two-dimensional rib

K D. Crabb, D. F. G. Durao, J. H. Whitelaw
bulent shear flow behind hemisphere-cylinder placed on ground
e
Okamoto
frequency unsteadiness of reattaching turbulent shear layer
J. K. Eaton, J. P. Johnston
Ressure fluctuations under a turbulent shear layer

R. Hiliier, N. J. Cherry
“ perimental investigations in transonic highly separated, turbulent

| S.

A. Farcy, V. Mercier, R. Leblanc

§400-1230

ISSION 17 — FUNDAMENTALS |
j94 CHEMISTRY

Merring — Chairman

k model of three-dimensional transfer in non-isotropic homogeneous
bulence
J.-P. Bertoglio

Approach ot non isotropic homogeneous turbulence submitted to
mean velocity gradients

C. Cambon, D. Jeandel
Entrainment diagrams for viscous flows

B. Cantwell, G. Alfen
Predictability of two- and three-dimensional freely decaying fiows:
Application to mixing layers

M. Lesieur, J.-P. Chollett

1230-1330 LUNCH ON THE LAWN

1330-1530
SESSION 18 — RECIRCULATING FLOWS I
179 CHEMISTRY

A. K. Runchal — Chairman

Turbulent. backward-facing step flows in two-dimensional ducts and
channels

F. Durst, C. Tropea
Prediction of the low Reynolds number laminar flow over a normaiflat
plate, and its application to turbulent flow calculations

I. P. Castro, K. A. Cliffe, M. J. Norgett
*The assessment of numerical diffusion in upwind-difference
calcuations of turbulent recirculating flows

J. J. McGuirk, A. M. K. P. Taylor, J. H. Whitelaw
‘Turbulent flow induced by a jet in a cavity — measurements and 3-D
numerical simulation

F. Baron, J. P. Benqué, Y. Coéffeé

1330-1530

SESSION 19 — FUNDAMENTALS Il
194 CHEMISTRY

J. L. Lumley — Chairman

Pseudo-spectral methods for homogeneous or inhomogeneous flows
Y. Morchoisne
The distortion of turbulent shear flow upstream of a body
J. C. Wyngaard
Second order closure for variable density free shear layer
D. Vandromme, W. Kollmann
A new approach to the analysis of turbulent mixing in variable density
flows
H. Ha Minh, B. E. Launder, J. M. Macinnes
Pressure strain: exact results and modeis
J. J. D. Domingos
Direct simulation of homogeneous turbulent shear flows on the liliac IV
computer: applications to compressible and incompressible modeling
W. J. Feiereisen, E. Shirani, J. H. Ferziger, W. C. Reynolds
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Approach of non isotropic homogeneous turbulence submitted to
mean velocity gradients

C. Cambon. D. Jeandel
Entrainment diagrams for viscous flows

B. Cantwell, G. Allen
Predictability of two- and three-dimensional freely decaying flows:
Application to mixing layers

M. Lesieur, J.-P. Chollett

1230-1330 LUNCH ON THE LAWN

1330-1530
SESSION 18 — RECIRCULATING FLOWS ll
179 CHEMISTRY

A. K. Runchal — Chairman

Turbulent, backward-facing step flows in two-dimensional ducts and
channels

F. Durst, C. Tropea
Prediction of the low Reynoids number laminar fiow over a normal flat
plate, and its application to turbulent flow caiculations

I. P. Castro, K. A. Cliffe, M. J. Norgett
*The assessment of numerical diffusion in upwind-difference
calcuations of turbulent recirculating fiows

J. J. McGuirk, A. M. K. P. Taylor. J. H. Whitelaw
‘Turbulent flow induced by a jet in a cavity — measurements and 3-D
numerical simulation

F. Baron. J. P. Benqué, Y. Coéffeé

1330-1530

SESSION 19 — FUNDAMENTALS il
194 CHEMISTRY

J. L. Lumiey — Chairman

Pseudo-spectral methods for homogeneous of inhomogeneous flows
Y. Morchoisne
The distortion of turbulent shear flow upstream of a body
J. C. Wyngaard
Second order closure for vanable density free shear layer
D. Vandromme, W. Kollmann
A new approach to the analysis of turbulent mixing in variable density
flows
H. Ha Minh, B. E. Launder. J. M. Macinnes
Pressure strain; exact results and models
J. J. D. Domingos
Drrect simulation of homogeneous turbulent shear flows on the liliac IV
computer: apphcations to compressible and incompressible modeling
W. J. Felereisen. E. Shirani, J. H. Ferziger. W C. Reynolds
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The Third Symposium on Turbulent Shear Flow was held at the University
of California, Davis, California on September 9-11, 1981. The objectives
of the symposium was to further advance the understanding of the physical
phenomena associated with turbulent flows and the existing capabilities
for calculating items such as the transport of heat and mass in such
processes.

In August 1980 a "Call for Papers" was issued. One hundred and
fifty eight abstracts were received. The Papers Committee grouped the
abstracts by topics and sent them to members of the Advisory Committee
for review. On the basis of the reviews the Papers Committee accepted
100 abstracts and requested the authors to submit 6 page manuscripts.

The final program (Appendix A) contained 92 papers. The proceeding
volume contained 86 papers. Six authors were unable to meet the publi-
cation deadline and thus it was necessary to have their papers
distributed individually at the time of the meeting.

In addition to the 17 paper sessions, an open forum and a debate
were scheduled. Twelve short l0-minute presentations were given in the
open forum, The debate on the motion '"Modelers Disregard Essential
Experimental Facts'" was quite lively.

The total number of registrants for the symposium was 242. They
are listed in Appendix B. The technical paper sessions were very well
attended with a free exchange of ideas. This exchange was often continued
between individuals during coffee and lunch breaks. All of the activities
allowed the attendees to assess the present state of our knowledge of

turbulent shear flows and to identify areas where basic research in

turbulent transport processes is needed.
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PREFACE

This volume contains the papers to be presented at the 3rd Symposium on
Turbulent Shear Flows held at the University of California, Davis in the period
September 9-11, 1981. The meeting continues the series of biennial international
symposia launched at the Pennsylvania State University in 1977 and continued at
Imperial College, London in 1979. The aim of the Symposium, like that of its
predecessors, has been to provide a forum for airing new developments across the
multitude of activities that comprise turbulence research in the [980's. The papers,
which provide the formal record of the meeting, were selected following review of
each of the 160 extended abstracts offered for the meeting by two members of the
Advisory Committee, The assistance thus provided by the Committee, whose
membership appears in the Symposium programme, is most warmly appreciated. The
final composition and format of the meeting was set by a Papers' Committee
consisting of Jean Claude André, Ian S. Gartshore, Brian E. Launder, Paul A. Libby,
and James H. Whitelaw with the assistance of Frank W. Schmidt as secretary.

The Organizing Committee wishes to acknowledge financial support kindly
provided by the National Science Foundation, the U.S. Air Ferce Office of Scientific
Research, the U.S. Army Research Office, and the U.S. Office of Naval Research.
The cooperation of the Fluids Engineering and Heat Transfer Divisions of the
American Society of Mechanical Engineers and the considerable assistance provided
by the Conferences and Campus Services of the University of California, Davis are

»

also gratefully acknowledged.

L. J. S. Bradbury F. J. Durst B. E. Launder
F. W. Schmidt J. H. Whitelaw
Organizing Committee
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EVALUATION OF TURBULENCE MODELS FOR NEAR-WALL AND LOW-REYNOLDS NUMBER FLOWS

by
V.C. Patel*, W. Rodi and G. Scheuerer
University of Karlsruhe

Karlsruhe, W. Germany

* on leave from the University of Iowa, Iowa City, USA

ABSTRACT effects on the fluctuating pressure field and
pressure-velocity correlations. It is possible for
Several low-Reynolds-number two-equation turb- either effect to be present in the absence of the
ulence models have been utilized, in conjunction with other. However, the fact that both effects are
a single numerical scheme, to verify their perform- present in the vicinity of a wall has led to the
ance against data sets in a variety of external aforementioned confusion of terminology, and these
pressure gradients. It is shown that none of the cannot be readily separated within the framework of
models yields uniformly accurate recults, but three the models being examined.
show sufficient promise to justify further refinement. The simplest example of a near-wall modification
A primary defect of all models is that they do not to a turbulence model is the famous van Driest (1)
reproduce the law of the wall which has been observed damping function for the mixing length. More advanced
over a range of pressure gradients. This may be due models incorporate either a wall damping effect, cr a
to the use of near~wall functions which continue to direct effect of molecular viscosity or both, on the
influence the flow well into the logarithmic region. empirical constants and functions in the turbulence-
Additional tuning of these functions and the length- transport equations which were devised originally for
scale determining equations is required before such high Reynolds-number, fully-turbulent flows remote
models can be used for the accurate calculation of from walls. In the absence of reliable turbulence
wall-proximity and low-Reynolds-number effects. data in the immediate vicinity of a wall or at low
Reynolds numbers, these modifications have been based
1. INTRODUCTION largely upon numerical experiments and comparisons
between calculations and experiment in terms of
It is well known that the success enjoyed by the global parameters. Unfortunately, the results of each
‘recent turbulence-closure models in the prediction of model were compared by their proponents with
wall-bounded flows has depended in large measure upon different and rather limited class cf flows and, as
the application of the so-called wall functions, by the issue can be judged at the present time, it is
which surface boundary conditions are transferred to not clear which of the many proposed models can be
points in the fluid removed from the boundaries. The used with confidence.
finite-difference solutions therefore avoid the The research to be described in this paper was
regions of very large gradients near the walls and undertaken with the objective of making a systematic
can be carried out with considerable saving in evaluation of the merits of the various existing two-
computing times. The validity of this procedure is equation "low-Reynolds-number" turbulence models.
restricted, however, to situations in which universal Eight different models have been used, together with
wall functions are well established. There are a a single well-tested calculation procedure to
number of instances in which this approach has to be calculate a variety of boundary layers to assess
abandoned, e.g. the turbulent boundary layer at low their relative performance. The test cases include
Reynolds numbers, three-dimensional, unsteady and not only boundary layers at low Reynolds numbers, but
separated flows, the flow over surfaces with mass- or also the standard high Reynolds number, equilibrium
high heat-transfer, and in the modeling of transition. and separating boundary layers. The latter have been
Over the past few years, many suggestions have included specifically to ascertain that the extended
been made for the extension of turbulence closure models continue to perform at least as well as the
models to enable their use right up to a solid wall. parent models which were devised for such flows.
Quite often the resulting modified models have been
referred to as "low-Reynolds-number" turbulence II. OUTLINE OF COMPETING MODELS
models since it is claimed that they can also be
applied to flows in which some characteristic Eight models, namely those of Chien (2), Dutoya
Reynolds number of the turbulence is low. There is (3), Hassid and Poreh (4), Hoffman (5), Jones and
therefore an unfortunate confusion of terminology. Launder (6), Lam and Bremhorst (7), Reynolds ’®) and
Some modifications to a basic high Reynolds number Wilcox and Traci (9) were selected for a de.a. J
model are obviously necessary to account for two evaluation. The first seven are variants of the k-g-
physically distinct effects: one is the influence of model which uses transport equations for the
low Reynolds number, vhere viscous stresses and turbulent kinetic enmergy k and the rate of its
transport are comparable with the Reynolds stresses digsipation €. Wilcox and Traci employ an equation
and turbulent transport, and the other is the for the kinetic energy of the velocity fluctuations
influence of wall proximity, arising from the normal to the wall, which is similar to the k-
preferential damping of the turbulence and local equation. Their model is completed by a tranmsport




e P an, b Cuetup X 12 %

PUE IR -3 & tuenie) B v By - pe e 0 031
-] [+ 3 ] 2
WEE  VE  F Huenid) g: oc.,1,~§-p.»(g§1) “Catyp & E (14]
: K? v, . U i
| Res £ (s), Rye BTL g, Ry« £t 07 !
L | )
; e
. MODEL CODE |, BC [ Cu [Co [Caa [ |4 m 1, 1 D 3 .
BASIC
‘ BASIC re HR | wr [009 |1e 19210 |13 10 10 10 0 0
¥ : N JU | c=0 |oos fresprszro |13 npln—:%",—wl 10 1-03expi-R1) -zu(%'yﬁ)’ 2#&(%!!)'
HASSID- WP | <0 [009 [5[20 [10 [13 | 1-expl-000MRY 10 1-03emi-RIl (2ugr o (4] ,
HOFFMANN HO | €=0 [009 {181 (20 {20 |30 w(;%] 10 1-03expl-R! ] 1;-{—; 0
. R, + Plef 1 M-
ouTOYA ou | e«0 |00 [16}20 {09 (095 1-086emp|-( £t 0%;1’."‘58' _&%7’;',’;,‘.9% " lou( 85 -catp B
1] CHIEN CH €0 (009 [135(18 [10 [13] 1-exp[-00MSRy’) 10 1-022expl-(R,/8)') -2...-57 -zu‘?wi-osnyl
5 . REYNOLDS RE m%'y! 0082 | 10 [183]169[ 13|  1-expl-00198Ry] 10 -03expHR/AN] 0 0
.
- LA oRsT | B t,\,gﬂ;_ 009 {144 182 [ 10 [13 [t-exi-omesrytne 923t 1+ (005’ 1-expl-R’] 0 0
18 LAM- ¢ (%=
‘- LM oRst | 8% |55 =0 [009 1t f192]10 |13 0 0
54_. Table 1: Equotions, constants and functions for the k-€ group of models
i equation for a pseudo-vorticity w. Tables 1 and 2 sum~ number version of the model; the values listed are due
gL marize the basic equations and the low-Reynolds-— to Rodi (10) and are general%y accepted as standard
8 number functions and constants recommended by the values. Table 1 shows that different authors ?ave
4 various authors. adopted somewhat different values for these high-
o K
-pV e Y 29 . wm o« pE 122
3 PUE o pvEE 3’7 Mooy ) gg: ~@"u-pkg¥ - CukWs D 23
; H
PP o L wenion G2 * Cui 4 PW! 5 - Cuy & WAE 24)
., 2 2
; e BT t2s) R s £ (26)

w T OuUWw

MODEL CODE | Cu |Cwi | Cwo |9 |Ow fu 1 5] E
wicox-TRACH | Wt |009{033]015 | 20 | 20 | 1-09vexp1-2R7) | 1-081expl- %ll o |-& (%y's)’w’

Table 2: Equations, constants and functions for the model of Wilcox and Traci

It is seen that the models differ from their Reynolds-number flow constants in addition to ma?ing
basic versions by inclusion of viscous diffusion and other modifications. These dlfference§bmay be z:lte
functions f to modify the constants ¢ which were significant insofar as they may C°“t;; 3te ;0 e
found to be adequate for high~Reynolds-number flows. overall performance of the low-Reynolds—-number
Also, some authors introduce additional terms, den- version. Extensive calc?lagxons of free shear layers
oted by D and E, mainly to improve the near wall by Launder et al. (11) 1nd1ca§e that, at leasg for
behaviour. In the subsequent paragraphs the different t:ose flows, t?e res:lts a::d1:deed very sensitive to

roposals are examined in the light of physical and the precise values ol ¢ o .
ZxPZrimentsl evidence. 8 i The various "lou-Re§nolds-gﬁmber' fu?ct1ons and
correction terms D and E in Table ! are discussed to-
a) The k-c€ Group of Models gether with the boundary conditions for k and'c at a
wall since they are intricately related. Consider

Consider first the seven modifications to the k- first the function f modifying the Prandtl-
€ model listed in Table 1. The first entry indicates Kolmogorov relation. Such a function is necessary t:
the constants associated with the basic high-Reynolds- account for the two separate effects mentioned in the

1.2
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Introduction, namely those of low turbulence Reynolds
number and wall proximity. One may therefore expect
f to depend upon the turbulence Reynolds number,
and the nondimensional distance from the wall R or
RK*. Most authors however use only a single parameter
in f ,

“Although reliable turbulence data very close to
a wall are not available to establish f directly,
some information can be obtained from ah examination
of the boundary conditions at a solid wall. On the
basis of such considerations, Hinze (13) has deduced
that

v - A’y2 + B,yS
v, -~ Ay? o+ By
where the coefficients depend upon the gradients of
the velocity fluctuations at the wall. There is some
evidence that A is negligible in flows which do not
vary in the streamwise direction, and that v_.y',
in conformity with van Driest’s damping funcion for
Vv_. In general, however, Hinze suggests that v -yl
1t is interesting to see how the different f ~functions
compare with these observations. s

Since the velocity fluctuations vanish at the
wall, simple Taylor series expansion shows that

_ ¢Oky _ 2
k, = (sy)w 0 and k -~y

and the expression for the dissipation at the wall
reduces to

3u’, ¢ w2y 8%k
vl e gl

indicating € to be finite at the wall. Using the data
of Kreplin and Eckelmann (14), this wall value may be
estimated as

€V

- Lo

L

Yy

The exponents x in Vv ~yx implied by the various
models may be obtained by expanding the corresponding
f function in a power series. These are listed in
Thble 3. It is seen that three of the models do not
conform with the cubic variation implied by Hinze's
analysis.

MODEL JL HP HO DU CH RE LB LB'

x 3 3 3 3 3 6 4 4

Table 3: Values of the exponent X in vt~yx for
the different models

With regard to the dissipation at the wall, most
models employ € =0,following the suggestion of Jones
and Launder, who cited "decisive computational
advantages" as the reason for this change. Since this
makes the k-equation inconsistent at the wall, Jones
and Launder added a term D (see Table 1) and pointed
out that ¢ should not then be identified with the
physical dissipation, at least in the wall region.
The need for the addition of an arbitrary term in the
k-equation can be avoided if the finite value of €
is incorporated as a boundary condition in the v
solution procedure, as is done by Lam and Bremhorst.
One possibility which, to the authors®’ knowlegde, has
not been congidered so far, is to set the gradient of
€ to zero at the wall go that € is determined as a
part of the solution. The perfo¥mnnce of such a
boundary condition has been explored in comnection

1.3

with the model of Lam and Bremhorst (LB') in the
present work.

The function f, is introduced to serve two
purposes. First, ig attempts to incorporate genuine
low Reynolds number effects in the destruction term.
The physical basis for this is provided by experiments
in the final period of the decay of isotropic grid
turbulence. The second purpose is to ensure consisten-
cy of the e-equation at the wall with the assumed €,
boundary condition. A finite non-zero value of ¢
would require fo~y2 in the absence of the additive
term E. As noted earlier, however, most models employ
€ =0; f, may then take any value at the wall and it
should not be necessary to add an extra term such as
E. If a finite wall value of € is used without
additional term E in the equation, then f, must tend
to zero at the wall. It is seen that the models of
Lam and Bremhorst and Reynolds accomplish this in
different ways; the former by simply omitting the
factor 0.3 in the function of Jones and Launder, and
the latter by choosing f.=g(R.) "h(Ry). It should
be noted that the model of Reynolds has not been used
thus far making low Reynolds number flow calculations,
partly because a constant in the h function is not
specified; we have set h equal to £ in the calculat-
ions since this incorporates the in¥luence of wall
proximity. Finally, we note that Dutoya also retains
the influence of the wall on the destruction term in
the €-equation by a function involving the Taylor-
microscale, approximated by A ={10vk/€, which serves
to reduce the destruction of €.

Three different proposals have been made for the
additional term D in the k-equation, all giving the
same value at the wall. A word of caution is needed
with regard to the use of the formulation of Jones
and Launder. This term can be discretized starting
from three different expressions:

dk,2 _ 1 1 9k,2 _ 1 u, k2
2“(-3—)") -iu(k—w) —_Z-E(W)
and calculations show that the manner in which this
is done influences the results appreciably. There-
fore, simpler formulations, such as those of Hassid
and Poreh and Chien, may be preferable from a
numerical standpoint.

Table 1 shows that several models employ an
additional empirical term E and/or function f_ in the
€-equation. Although their physical basis is not en=~
tirely clear, their near wall behaviour can be exami-
ned. Starting with the model of Jones and Launder, it
is seen that E is zero in the viscous sublayer of a
flat plate boundary layer and decreases as y“ in
the log-region. Consequently, the maximum is located
in the buffer layer. The term is then likely to increa-
se the dissipation rate there, resulting in a lower
eners - peak. In the models of Hassid and Poreh and
Chien, the E-terms allow € to grow quadratically with
distance from the wall. An ’rgument cited for this is
that the length scale, L=k?/?/c then becomes linear
in y in the neighborhood of the wall in agreement with
some experimental and numerical evidence.

Two of the models under consideration, namely
those of Dutoya and Lam and Bremhorst incorporate a
function £,  in the generation term in the £-equation.
Dutoya reduces the generation of € as a function of
the Reynolds number and increases it in the vicinity
of the wall. The f -function of Lam and Bremhorst can
not readily be asséssed since, as noted above, the
model is used with an e-boundary condition different
from the others. However, the effect of f, is to raise
generation of € in order to keep the k-diltribution
in accordance with measurements.
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b) The Model of Wilcox and Traci (9)

The basic equations of this model are cited in
Table 2. It is gseen that Wilcox and Traci employ an
equation somewhat similar to the k-equation for
determining the velocity scale in the eddy viscosity.
However, they interpret k as a "mixing energy" which
is more closely related to the normal component of
the Reynolds stress, viz k ~ 9/2 v’2. Since a direct
relationship with the turbulent kinetic energy is now
absent it is difficult to make comparisons with
conventional turbulence measurements. The same is
true for the length-scale determining variable w,

which is a product of a "pseudo-vorticity" w
and the local density. Wilcox and Traci extended
Saffman’s (15) original proposal for a wz—transport-
equation by adding an extra term E, named gradient
dissipation, which stems from a comparison with the
€-equation. The structual difference between the k-t
and k-w models lies in the way the production term in
the k-equation is treated. Wilcox and Traci’s
production, ¢ '723u/dy implies the use of structural
similarity ra¥her than the eddy-viscosity hypothesis.
However, as Reynolds (8) has pointed out, this might
be advantageous, since it reflects the experimental
observation that the near-wall turbulence structure
is virtually independent of the mean rate of strain.
Examination of the constants in Table 2 shows that
these are not grossly different from those used in
the k-€ models. Wilcox and Traci’s eddy-viscosity
formula shows that unlike all k-e-type models it does
not contain a low Reynolds number function. This
suggests that viscous and wall-proximity effects are
incorporated indirectly in the k and w’-equations. It
is noteworthy that only two functions, f and f_ , are
required in this model, both decreasing ¥he pro-
duction rates in the transport equations as a func—
tion of a turbulence Reynolds number. Leaving f,=1.0
means that the model cannot simulate the decay §f
grid turbulence in the late, viscosity-dominated
stages.

The boundary conditions for this model present
some interesting questions. In the k-¢ approach they
are more or less fixed by the known behaviour of the
physical quantities. In the Wilcox and Traci model
this is not feasible and hence greater freedom can be
exercised in setting these values. In fact the
boundary value of w at the wall is made a function of
parameters like roughness and blowing/suction rates,
whereas physical arguments would require w+ at the
wall, independent of the particular flow.

c) Concluding Remarks

The foregoing summary of the various models
shows that most modifications to the basic high
Reynolds number turbulence models lack sound physical
basis, although some rely upon internal consistency
of the equations near a solid boundary. In the -
absence of reliable pertinent data, support for the
models is provided largely by comparisons of the
results with the gross parameters of shear flows.
However, a review of the literature indicates that
only two of these, namely the models of Jones and
Launder and Wilcox and Traci, have been used
extensively. The former has been used over a much
larger class of flows, including free shear layers,
while the latter has been employed primarily for
boundary layers with special emphasis on compressible
flows. Additional comparative tests of the other
models are thus required to determine if they
represent significant improvements.

I11. SELECTION OF TEST CASES

Before describing the results of the calcu-
lations, it is necessary to discuss two aspects which
way influence the conclusions. The first concerns the
criteria by which success or failure is tc be judged.
Among those considered important are the following:
(a) the model should reproduce results of the parent
high-Reynolds-number model for flows which are not
dominated by low-Reynolds-number, and (b) the model
predictions in the wall region and for flows in which
low-Reynolds-number effects are present should show
acceptable agreement with the available experimental
evidence. While we shall elaborate upon these
criteria later on, they raise the second question,
namely that of selecting the test cases against which
all calculations are to be compared. In the present
study, attention is focussed upon incompressible two-
dimensional boundary layers, and calculations have
been performed for the following test cases:

1. Flat plate boundary layer, Wieghardt and

Tillmaan (16)

2. Equilibrium, adverse pressure gradient

boundary layer, Anderson et al. (17}

3. Strong adverse pressure gradient boundary

layer, Samuel and Joubert (18)

4, Strong favorable pressure gradient

(relaminarizing) boundary layers:

(a) Simpson and Wallace (19)

(b) Patel and Head (20)

It should be noted that all data sets, with the
exception of 2) and 4b) have also been selected as
test cases at the 1980-81 Stanford Conference after
careful review of the data for completeness and
reliability. The choice of the first three for the
present work 1is guided by the first criterion. The
relaminarizing flows have been selected since they
are obviously dominated by wall proximity and low-
Reynolds-number effects.

IV. CALCULATION PROCEDURE

The numerical method used is an adapted version
of the implicit marching procedure of Patankar and
Spalding (21).100 cross-stream grid nodes were used
to obtain grid-independent solutions and, for an
accurate representation of the large gradients in the
vicinity of the gall, roughly half of those were
located within y <50. At the beginning of the
calculations the first grid point was normally
located at y¢ = 0.2 and it was ensured that this
value did not exceed y+ = 4 in the course of the
computation,

The streamwise step-size was taken as 0.25 €,
where 8 is the momentum thickness. In order to
resolve changes in the viscous sublayer, the maximum
streamwise step-size was restricted to five sublayer
thicknesses, i.e. Ax<25v/u_.

Initial profiles for the mean velocity were
usually obtained by curve-fits to the available data.
A representative flat-plate distribution was used for
the k-profile. The starting condition for the rate of
dissipation € was generated from a formula given by
Hassid and Poreh (see Gibson et al., 22), In general
the initial conditions exerted a minor influence on
the results,

The calculations were carried out on a BURROUGHS
B7700 computer. Computation times per step were of
the order of 0.15 s, with little difference between
the various models, as could be concluded also from
Tables 1 and 2, because all involve about the same




number of arithmetic operations. This observation is
at variance with those of Hoffman and Chien who re-
ported large differences in computation times between
their wmodel and that of Jones and Launder.

V.  RESULTS AND DISCUSSION

Figures 1,2,3 show the results of the cal-
culations for the simplest test case, namely the
flat-plate boundary layer. The model of Reynolds is
not included since it did not yield consistent
results due to the uncertainty mentioned earlier. In
the interest of brevity, the comparisons are limited
to the skin-friction coefficient, the velocity
profiles in wall coordinates and the distribution of
turbulent kinetic energy in the near-wall region. The
skin-friction data in Figure 1 are deduced from the
measurements of Wieghardt. Figure 2 includes the
generally accepted semi-logarithmic law, while Figure
3 shows the data of Kreplin and Eckelmann in channel
flow. Coles (23), in a review of near-wall turbulence
measurements, favors the data of Kreplin and Eckel~
mann as more reliable among the many, rather
scattered, data sets., Moreover, these represent an
average of the available measurements. They are
included here more as a guide than as a basis for
strict comparison.
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Figure 1: Measured and calculated skin friction
coefficient for a flat plate boundary layer

It is obvious from the figures that there is
considerable diversity among the results of the
various models. Figures 1 and 2 show a strong
correlation between the ability of a model to
reproduce the standard law of the wall and the
corresponding prediction of the wall shear stress.
Thus, for example, the overshoot in the law of the
wall in DU and, to lesser extents in WI and JL,
results in*nn under-estimation of c.. The models of
HP, LB, LB confirm this correlntiog with results in
the opposite direction. The HO model gives a very
small logarithmic region and rather peculiar profile
shapes in the outer layer, due presumably to the use
of the large diffusion coefficients. The best fit to
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Figure 2: Calculated velocity profiles 3t gifferent
Reynolds-pumbers, lines are u =y and
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Figure 3: Measured and calculated turbulent kinetic
energy profiles in the near wall region




the law of the wall is achieved by CH and then

¢, is predicted quite accurately. This consistency is
a{l the more important in establishing the successful
features of the models in view of the fact that ¢

has been determined for each case from the slope of
the velocity profile at the wall and not by recourse
to the logarithmic region. Figure 3 shows that the
shape of the turbulent kinetic-energy distribution is
better predicted by those models which yield good
agreement with respect to the wall law and c., with
the exceptions of WI and JL. The former is not
surprising in view of the uncertainty concerning the
relationship between k and the "mixing-energy” in the
WT model. The poorer performance of the JL model, on
the other hand, remains inexplicable although a
possible source is the additional terms D and E in
the model equations and the manner in which D is
discretized. It is also apparent from Figure 3 that
none of the models fit the channel data of Kreplin
and Eckelmann but the results with LB, LB and . H
show fair agreement with the location and magnitude
of the energy maximum. Finally, the results of LB and
LB, obtained with the different € boundary conditions
at the wall discussed earlier, are identical. Since
the zero gradient condition at the wall (LB )

is easier to apply in numerical solutions, and was
found to yield ve /u_" in good agreement with the
experimental valug, this boundary condition has been
used in all subsequent calculations with the LB
model.

The foregoing results indicate that not all of
the available low-Reynolds-number models reproduce
the most basic features of a flat-plate boundary
layer. Only the more promising models, namely JL, CH,
LB and WI, will therefore be discussed in the
context of the remaining test cases.

The results for the second test case, namely an
equilibrium boundary layer, are shown in Figure 4.
Also included here are the calculations with the high
Reynolds-number version of the k-¢ model in which
wall-functions have been applied at y+ = 50, It is
seen that the three k-t based models (CH, JL, LB )
all lead to an over-estimation of c¢. by as much as
50%. The shape parameters G (and H, not shown) are
correspondingly lower than the experimental values.
The WI model yields the best results although the ¢
is still over-predicted by about 15%Z. It is inter-
esting to note that all models predict nearly
constant shape parameters beyond x = 0.6 m. Thus, a
different equilibrium flow is predicted in each case.

From Figure 5 it is evident that the performance
of the four models in an adverse pressure gradient
boundary layer is somewhat similar to that observed
in equilibrium flow insofar as the skin friction is
over-estimated and the velocity profiles in wall
coordinates shows systematic departures from the ex-
perimental data. From the profiles it appears that
the various functions introduced to account for wall
proximity and low Reynolds-number effects continue to
operate deep into the full turbulent (logarithmic)
part of the boundary layer. The rather large
differences in the wake component, on the other hand,
may be attributed to an inadequacy of the length-
scale determining equations in the parent high-
Reynolds-number models.

The results of the calculations for the two
favorable pressure gradient boundary layers are shown
in Figures 6 and 7. Recall that the low-Reynolds-
number model were constructed primarily to describe
such flows since the accelerations lead to a
reduction in the Reynolds number, thickening of the
sublayer and eventual relaminarization. Figure 6
indicates again the tendency of all models to over-
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Comparison of model results with the data of
Samuel and Joubert, a) skin friction coef-
ficient; b) velocity profiles at x=3.4m
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Figure 7: Comparison of model results with the data
of Patel and Head (key as for Fig. 4)
predict c. in the case of Simpson and Wallace, The
calculated velocity profiles now show a departure

from the usual law of the wall as indicated by
experiments but the predicted thickening of the
sublayer is not as rapid as that observed in the
experiments. In the case of Patel and Head (s. Fig.

7), where
culations
ment with

the acceleration is more severe, the cal-
with three of the models show fair agree-
the data. In particular, the initial in-

with relaminarization, are reproduced quite well. The
accompanying decrease and increase in the shape
parameter (not shown here) are also predicted with
satisfactory accuracy.

VI. CONCLUSIONS

The results presented here are, for reasons of
brevity, somewhat limited with respect to the details
such as the velocity-profile shapes and turbulence
parameters, Nevertheless, they are sufficient to
indicate clearly the relative performance of the
various models that have been proposed to describe
the near wall flow. It is clear that not all of the
models considered here yield satisfactory results.
From an examination of the results for all the test
cases as a whole, it appears that the models of Chien
(2) and, to some extent, Lam and Bremhorst (7) based
on the k-€ model, and that of Wilcox and Traci (9),
yield comparable results and perform considerably
better than the others. However, even these need
further refinement if they are to be used with
confidence to calculate near-wall and low-Reynolds-
number flows. The calculations presented thus far
suggest that the performance of these models can be
improved by modifications that ensure the reproduction
of the law of the wall over a range of pressure
gradients for which the boundary layer remains
turbulent and selecting damping functions whose
influence is restricted only to the sublayer and the
buffer zone. The former would undoubtedly imply
changes on the existing length-scale determining
equation.
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ABSTRACT

We study the reorganization of a turbu-
lent flow wich becomes subcritical after a sin-
gularity (Re = 1700). We mesure velocity gra-
dient at the wall and velocity in the core ;
we use mainly electrochemical method.

Simultaneous measurements at different
points, at the wall or in the flow, allows a
spatio-temporal description of this flow ; it
shows the main mechanisms of degradation of tur-
bulent energy, with their typical scales ; it
leads us to expect the insulation of turbulent
structures in a more and more coherent flow,

A conditional analysis of velocity profiles gi-
ven by a multiple anemometric probe shows the
development, evolution and vanishing of these
structures during reorganization, until obtai-
ning of a POISEUILLE flow. Comparison of the
results obtained dowstream enlargments with
different angles shows that the mechanisms
previously described are characteristic of

any turbulent degradation in a pipe.

NOMENCLATURE

d diemeter of the pipe -
eEf) spectral density of energy:./e(l)df,4
E(k) spectral density of energy /ﬂ.)hd
f frequency of fluctuations

i intensity of electric current

k] intercorrelation coefficient

ek

(x. ¢ t) 4X % Fo5)
x4 4.%': ik —
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i‘(x,a'x, Y s () o (xBX, z",rvz)
X, £)« 4 (xTX g% )

Y, 0.2.7). L7 Il u/X B EE)
7 _ X WINPT Y
k-27F/U0  wave number

Ly Integral longitudinal scale of turbulernce
Ps Probability of occurence of class S, and S
Q Rate of flow

Re REYNOLDS number Re:Vd,/v

S Wall velocity gradient

Do Mean duration of life of a class §

u Instantaneous longitudinal velocity

U Mean value of longitudinal velocity

u fluctuation of longitudinal velocity

v Mean velocity (spatial)

Vx longitudinal convection velocity

x distance from singularity

Y, Zydistance from the wall

V= reduced distance from the wall

.
dq: 54(‘4'U »dy esymmetry of flow rate
7 -%L reduced distance from the axis

v kinematic viscosity

- Vo /U vrelative intensity of turbulence
z incremental lag

Y azimuthal angle

x-d— reduced distance from singularity

INTRODUCTION

The reorganization from turbulent to lami-
ner flow in a pipe has already been the purpose
of some experimental studies, among which we re-
fer to those of LAUFER (1), SIBULKIN (2) and
LEFORT (3). In each case, the law of decrease
of turbulent intensity into the flow was given
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and evolution of the sp2ctral distridbution of
turbulent energy during reorganization was no-
ted. From these works, it was possible to give
the length necessary to obtain the establish-
ment of a laminar flow and to show which para-
meters give a good description of the evolution
toward this state. If, from an Eulerian descrip-
tion, these works show & continuous degradation
of the turbulent energy, spectral analysis exhi-
bits an unsteady phase of the velocity fluctua-
tions during regorganization (4). A Lagrangian
description made by use of many parietal elec-
trochemical probes and one velocity probe in sud
a flow (5) shows the coexistence, during reorga-
nization, of two kinds of domains, one corres-
ponding to a frozen flow and the other having
features of turbulence. In order to develop this
hypothesis, we have followed the development and
history of these domains, by reading the infor-
mations given simultaneously by eleven velocity
probes, distributed over a same diameter cf the
pipe.

EXPERIMENTAL SET UP

It was alresdy described in a precedent:
paper (5) ; it gives in the upstream pipe (dia-
meter : lcm) a turbulent flow, fully developed,
at a REYNOLDS number equal to 5100. This flow
is incompressible (water or polarographic solu-
tion) ; it enters the downstream pipe (diameter :
3 cm) by & sudden or conical enlargment. In this
test pipe , we study the reorganization at a
REYNOLDS number equal to 1700, over 120 diame-
ters (X=120).

After preliminary results obtained by LDA
or hot film anemometry, all measurements near
the wall and spatio-temporal analysis of the
flow use electrochemical method. This was firs:
employed for wall shear stress measuremerts by
BANRATTY et al.(6) (7) (8) 3 it was also deve-
loped in our Laboratory by LEBOUCHE (9) COGNET
(10) and DELAGE (11). The intensity i of the
current obtained at a flush mounted electrode
during a diffusion controlled reaction allows
the determination of the instantaneous value of
the wall velocity gradient S. Extented to the
use of double parietal electrodes and of coni-
cal probes in the core, this method gives also
the direction of flow near the wall and the
velocity. Figure 1 remind the main applicaticns.
For velocity measurements, it must be noted that
the current is proportional to the 1/3 power of
the incident velocity (Stoke's flow around the
probe induces proportionalify between shear
stress and velocity). We never took account of
corrections due to the frequency response of the
electrodes ; this approximetion is reasonable
because the frequencies of all fluctuations are
less than 30 Hz in the studied region.

GENERAL DESCRIPTION OF THE FLOW

For sections near the enlargment, the use
of LDA in the core and of electrochemical probes
at the wall allowed us to show the development
of the recirculating zone (5). This, very uns-
table and tridimensional,can extend as far as

X = 5, while mean position is located at X= 3,6,
Downstrean,examination of mean velocity (B) and
relative turbulent intensity (0) profiles gives
us an inkling of three main stages in the reor-
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ganization, A diagram of the profiles, which ma-
gnifies their features, is presented on figure
2-8 3

- downstream the expansion cone where direct
flow cohabits with recirculating one,as far as
X =20, the profiles show the main characteris-
tics of a turbulent flow.

~ on the other hand, for distances greater
than 75 diamteres from the enlargment, we obser-
ve a progressive reorganization which leads to
the well known parabolic profile. The turbulent
level is then lower than 1% in the core.

- in the middle, the evolution of relative
turbulent intensity profiles show & considerable
energetic reorganization. The aspect of the meen
velocity profiles is more complex and exhibits
inflexion points, Analysis of velocity histo-
grams leads us to consider that, in this zone,
exists an intermi ttency betweern two types of
flows, not established but well distinct.

Spectral analysis of the velocity fluctua-
tions is summarized on figure 2-b. It is pre-
sented in nondimensional space (E(k}Z, ,&L.)

This analysis confirms the distinction of the
three stages previously cited :

- in the first stage, all the spectra ob-
tained in a same section show a good agreement
with the empirical formulations recommended for
description of turbulent flows. They recall pro-
duction of turbulent energy by breaking and de-
gradation by diffusion in the core and viscous
dissipation near the wall.

~ in the middle stage, this agreement is
much less obvious : the frequency distribution
on the axis of the pipe, similar to the previous
one, is quite different from the frequency dis-
tribution near the wall. If we note that viscous
dissipation exists in the whole section, we re-
mark also that the spectra show, over one deca-
de, the slope -2 which characterizes unstable
phenomena.

- far downstream, this distribution beco-
mes again unvarying in the section, but takes
the appearance of a square function, which we
must explain by missing of production of tur-
bulent energy.

Statistical analysis of the fluctuations
of well velocity gradient summarizes gquite well
the features of this reorganization. The expo-
nential decreasing of o2, up to X = 75 is in
good agreement with the law of energetic decrea-
sing already known near the wall (5). Neverthe-
less, the evolution of skewness and flatness
factors shows the alteration of the features of
the wall velocity fluctuations, between X = 30
and X = 60. The spectra of these fluctuations
(see figure 3) remind, up to X = 20, the one
of turbulence which is continuous. For X = §0,
they send back the unstable character of the
flow ; downstream, they show a downstep function
marked by a preferential frequency band. This
last cannot be imputed to a periodic pulsation
of the flow ; it has probably his origine in
the aleatory passage of structures with determi-
ned length, which will be shown only by a spa-
tio-temporal analysis.

120

=y

I

Fig. 2 General characteristics of the flow: SPATIO~-TEMPORAL DESCRIPTION OF THE FLOW
a- Scheme of mean velocity and of
relative turbulent intensity-----profiles. The arrangement of the electrochemical pro-
b- Spectral analysis of sxial velocity fluctu- bes allows the determination of intercorrelation
ations. functions in time, which connects the events ob-
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. served at the wall on two points of a given ge-

nerating line (%__) or those observed on two
points of the walf in a seme section (55?),or
those observed on two points of the same diame-

: ter in the core (X;5») or on the wall and in the
core (8us). The detérmination of the best incre-
mental lags and of the corresponding correlation
coefficients, as fonctions of the distance bet-
ween two probes, allows the calculation of the
velocities of the perturbations and a valuation
of their zone of influence.

-Thus,within the first stage of the reorga-
nization (X <25), we can show tha* the velocity
of axial propagation of the disturbances is
almost constant in the whole section and is ob-
served from the wall itself ; it corresponds to
an eddy convection of which group velocity is
equal to 0,9 time the mean velocity. The evolu-
tion,with , of the best incremental lag of the
functions 5;5 and §u7 can be interpreted as a
radial convective diffusion., QOriented from the
core toward the wall, it is disclosed only in
this stage of the reorganization and its veloci-
ty is equal to 0.1 time the mean velocity.

-Within the middle stage, (25< X <75), the
measurements of axial velocity of propagation
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exhibit a chan in the character of the parietal
flow. Rapidly (near X = %0), & propagetion mode

of the disturbances with a very high velocity
takes the place of the eddy convection (figure 4)
This is characteristic of the setting up of a
frozen flow. In the core, this second mode appears
later and we observe this mode and the eddy conve-
ction simultaneously. The respective evolutions

of the maxima of the functions ¥,5 show that
fields containing frozen flow spread out to the
detriment of turbulent fields (figure 5). Eddy
convection is more and more confined tc the axis
of the pipe and its velocity approximate velocity
on the axis (figure 4). During this transition ,
we attend the stabilization of the integral length
scales and the disappearing of the radial diffu-
sion .,

-Within the last stage of the reorganization,
the frozen flow get settled in the whole annuler
zone, Eddy convection is still disclosed near the
axis, but its character is much less marked than
this of the frozen flow. In this stage, the deter-
mination of the length or time scales leads to
unsharp vresults by the fact that these scales
loss their meaning in such & flow.
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Fig. 5 Transversal intercorrelation us
for X =0 and y*=0,5

The compiling of the coe: "icients ﬁu measu-
red without lag for different values of 2 and X
gives space correlation functiamms along some diame-
ter of the pipe. Th: - study allows the determina-
tion of the transversal length scales of the per-
turbations ; it also reveals the general organi-
zing of the flow. The result of this description
seems to be that, in the middle stage, particu -
larly between X =40 and X =70, the registered
disturbances inside the flow, at =1/3 , are such
than they oblige the surrounding flow to organize
itself around them, At these distances, the axial
scales are large and the frequencies of the
fluctuations quite low, Then , we can think that,
in thie region, the flow is disturbed by long
unsymmetrical structures of which effect must dbe
observable on the velocity profiles .

1.12
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Fig. 7 Conditional analysis of veloc!%y profiles
Sudden enlargment ; 30° enlargment
60° " 3 progressive . (4°)
a- probability of occurence of asymmetrical flow
b- mean duration of asymmetrical flow
¢~ asymmetry of flow
d- fluctuations of the overall velocity.

CONDITIONAL ANALYSIS OF THE VELOCITY PROFILES

The eleven probes velocimeter, with his
original conditionning, gives an off line resti-
tution of the evolution with time of the instan-
taneous velocity profiles, for a given diameter.
Downstream the sudden enlargment, the visualiza-
tion of these profiles confirms that they exhi-
bit unsymmetrical deformations, more or less du-
rable and of variable significance, according
to the observation abcissa. Besides, we noticed
that they leed to admit, for the mean velocity,
slow fluctuations of which amplitude is changing
whith the abcissa (fig. 7-d). This result is not
consistent with the law of continuity and we
are then obliged to consider that the distur-
bances are generated by the travelling of struc-
tures with variable sizes and of which observa-
tion from a diameter of the pipe is incomple:e.
For determine their arrangement:, we have nor-
malized each profile by his mean velocity ang,
after difference with the mean profile, we ha-
ve divided the results in four classes (fig.6):

- two classes S* and S~ which correspond
to asymmetrical profiles

- the class L exhibits over-velocity near
the axis

- the class T exhibits over-velocities near
the wall,

Then, we have essentially studied the
probability of occurence and duration of life
o the S classes Upstream X = 20, the turbulent:
level of the flow does not allow any reading
of this conditional analysis.

Downstream this abscissa, the increasing
probability of occurence of asymmetrical flow
(fig. 7-a) corresponds to the transversal sprea-
ding of the whirling structures. Simultaneously,
we note (figure 7-b) a very important increas-
ing of the mean duration of these periods ;
this is the result of a lengthening of the struc
tures,which can be explained only by their coa-
lescence. Beyond 70 diameters, the opposite
phenomena must, in return, reflect the breaking
of the structures, which is probably due to a
too weak energetic level. Indeed, when we stu-
dy the evolution of the asymmetry of flow obser-
ved in the wake of earea which shows overveloci-
ty, we notice (fig. 7-c) the decreasing of this
quantity during the last stage of the reorgani-
zation. Then, we may think that the axial and
orthoradial spreading of the structures occurs
with some degradation of their properties and
that they disappear inside the reorganized fro-
zen flow. In order to know if these structures
are typical of such kind of singularity and ha-
ve for exemple their beginning in the recirculat-
ning zone, or if they are inherent in every tur-
bulent-laminar transition, we have made the sa-
me measurements downsiream enlargments with va-
rious angles. As Sibulkin's experiments foresha-
dowed it, the resultz of our mean measurements
have shown, downstream X = 20 , & great simila -
rity as much for the evolution of the velocity
profiles as for those of relative turbulent in-
tensity. In the same way, the results given by
conditional analysis of the instantaneous velo-
city profiles (presented figure 7) shows the
great similarity of behaviour of the flow downs-
tream the different enlargments. Nevertheless,
it seems that the structures observed downstream
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the progressive (4 aegrees,; enlargment are
slightly less developed and conseguently less
energetic than in the other cases. The greatest
difference noted at the end of this analysis ap-
pears when we mesure the fluctuations of ins-
tantaneous overall velocity (fig. 7-d). But this
difference must not be attributed to the reorga-
nization itself ; indeed, having observed the
similarity of the evolution laws of the r.m.s.
values of these fluctuations, we have notice
that this one is still a function of the enlarg-
ment shape for the great value of X. At these
sectioms, it must be attributed to a weak pulsa-
tion inside the flow loop, which is a consequen-
ce of the interaction between the direct flow
and the return flow. For a given flow rate, the
amplitude of this pulsation must then depend on
the loss of pressure through the whole loop and
particularly across the singilarity.

CONCLUSION

Downstream the zone where the flow is di-
rectly under the influence of the reciruclation
or of the enlargment cone, we mus% consider
three stages in the turbulent-laminar reorgani-
zatior which is presented here.

- Within the first stege, for X<25, if
we notice an important degradation of turbulent
energy, the mechanisms of production, diffusion
and dissipation are present here and the fluc-
tuating fiels seems to satisfy the pattern of
turbulence. Nevertheless, the dissipation near
the wall is so consilerable that at the end of
this stage, the mean wall velocity gradient
reach a value close to the theoretical one ob-
tained for laminar flow.

- In a second stage, for 25< X< 75, we
notice the development, from the wall, of la=-
minar areas which repulse and confine near the
axis the pre-existing turbulence, Without any
production, we observe a coalescence of the
structures. Consequently, we observe the forming
of stretched cells, of which passage through 2
given section marks the neighbouring flow.

- In the last stage of the reorganization,
these structures have not enough energy to play
a dynamic part in the flow. They break and di~
sappexr inside the reorganized frozen flow,
which we may consider as laminar.

The whole resuls established lead us to
think that these phenomena are characteristic of
all turbulent-laminar transition downstream an
enlargment in a pipe and that the shape of the
singularity is determinant only for the value of
the loss of pressure over a distance of about 20
diameters.
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A PHYSICAL INTERPRETATION OF THE SPECTRA

OF WALL TURBULENCE

by

A.E. PERRY & M.S. CHONG

University of Melbourne

RESTRACT

Turbulence spectra, which has all the correct
prcperties for wall turbulence, can be generated by
tre use of eddy signatures derived frorm potential
flow vortices which have characteristic directions.
The distribution of energy among the scales follows
directly fror the scaling laws needed t¢ give the
logarithmic mean velocity profile and constant
Reynolds shear stress. The use of local isotropy
and enercy cascades do not appear to be relevant.

INTRODUCTION
Recent work at the University of Melbourne on

turbulent spots has shown that a spot consists of a
forest of "A" shaped vortices which are leaning in

the downstream direction (see Perry, Lir and Teh (1)).

This picture of wall turbulence is ccnsistent with
the smoke tunnel experiments of Bandyopadhyay and
Head (2) and Head and Bandyopadhyay (3) who tock
laser beam cross-sections of eddiec irn a fully
developed turkulert boundary laver. Perry and Chong
(4) {see alsc Perry, Lir, Chong and Teh (5)) have
showrn that a rhysical model of wall turbulence can be
corstructed from thic idea. It is assurmed that
vorticitw and heat are carried away from the surface
by hai:_in cr "A" shaped vortices which are being
strained in a special way by their own mutual
induction together with their images in the wall.
This hypothesis has received encouraging support by
Perry and Cheng (4) who aprlied the Biot-Savart law
tc isolated "A" vortices.

This model is similar to Townsend's (6) attached
eddy hypothesis. However, in the Perry and Chong
model, eddies are stretched intc elongated vortex
pairs which cause them to "die" by vortex cancella-
tior. and so the resulting dekris and fluid
surrounding the more active ! vortices is assumed to
be irrotational. According to the smoke observations
of Head and Bandyopadhyay (3}, groups of vortices
have a “granular appearance" with a characteristic
direction and lean approximately at 45° in the down-
strearm direction. Thus velocity signatures in wall
turkulence can be generated by a forest of potential
flow vortices.

Perry and Chong have shown that in order to
cktain a logarithmic profile in mean velocity which
exterds to large z,(=2zU;/v) for 8gU,/v + & (where
z is the distance normal to the wall, U, is the
friction velocity, v is the kinematic velocity and
Ap is the boundary layer thickness) it is necessary
to have hierarchies of geometrically similar eddies
with scales which are distributed in a geometrical

progression and that a constant characteristic velccity
scale for each hierarchy is needed to obtain & constant

Reynclds shear stress through the logarithmic regicn.
Figure 1 shows a discrete system of hierarchy scales,
and it is conjectured that the srallest eddies in tle
first hierarchy scale according tc the Kline (7)
scaling on a smooth surface. Townsené (6) used a

2t} hierarchy
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Fig.l Symbclic representation of & discrete

syster cf hierarchies. View lookinc dcwr-
stream.

continuous inverse power law r.d.f. for the distriku-
tion of scales which is the continucus analog cf tte
discrete geometrical progressior. For simplicity, the
aythors are using the discrete distributicn, where
the scales are taker. to go in "gquantur” jurrs with &
factor of 2. This is consistent witl the spread ir
hierarchy scales resulting from a vortex peiring
process. However, this approach is not essential ancd
other plausible mechanisms result in the continuous
distribution of scales used by Townsend which leais
to the same general conclusions., In the Perry and
Chong model eddies in a given hierarchy are not
georetrically similar since they are undergcinc
stretching. However, it is assumed that the
hierarchies are geometrically similar and that the
“representative” A vortex can be used for each
hierarchy for the purposes of deriving spectra.




THE SPECTRUM OF WALL TURBULENCE

Fourier transforms and the power spectral
density of signals produced by turbulence are very
difficult to interprete or understand. Nevertheless,
they are easy to measure and give an indication of
how the energy is distributed among the scales. This
work was motivated by the idea that modelling of wall
turbulence should be consistent with measured spectra
and should be linked to the broad-band and mean flow
results.

Unlike models of the past, local isotropy is no
longer operative and a new explanation or argument
must be devised for the existence of the -5/3 law.

At high freguencies or wave numbers, the power
spectrum is influenced mainly by the shape of the
eddy signatures while at lower wave numbers or
frequencies, the spectrum is influenced more by how
the energy is distributed among the scales. The
detailed shape of the signatures become unimportant
at these lower wave numbers. One very useful rule
(Bracewell (8)) feor the high frequency end of the
spectrum is that if n is the number of times one has
tc differentiate a signal to convert it to a delta
function, then the snoothed power spectral density
P(k) will asymptote to a law, P(k)“k~2R. Here k is the
wave number or frequency. It has been felt by many
workers (eg. see Townsend (6)) that the finest scale
motions of turbulence are generated by vcrtex sheets
passinc the hot wire probe ané these discsipate the
enercy of turbulence. From the flow visualization
work of Head and Bandyopadhyay {3) and Perry, Lim and
Teh (1) these vortex sheets are wound up intoc rods.
The rods could be thought to consist of a “"scrcll® of
vortex sheet material. As such rods are cut thrcugh
by a sensing probe, the high-pass filtered signal
will be of a saw-tooth form provided the vortex
sheets are very thin and sharp. Usinc the Bracewell
rule, this should give P(k)~.1/kZ, This scroll could
be something like a Kader. sgiral (eg. see Fullin
Philliys(2)) and one would irntuitively feel that
since the signature of this is one scale removed fror
the scale of the sheet itself, then this should be
rescencitle for the -5/3 law. With viscous diffusien
the sheet will not be perfectly sharp anc at very
high wave numbers, the waveform would appear to have
the properties of a triancular wave. Using the
Bracewell rule, this leads tc P(k)n1/k%. It can be
seen that the ~5/3 law simply does not fit inte this
scheme. Out of curiosity, the authors devised a
wave form with a ~5/3 law spectrum to see what it
might lock like. Using the Bracewell rule, together
with the concert of "fractional differentiation”, a
wave with a 1/6th power-law cusg would cive the
required result. This needs to be differentiated

"5/6th times” to give n=5/6 and hence the -5/3 law,
This was alsc checked numerically using a fast
Fourier transform computer program. It seems unlikely
that the -5/3 law comes from such eddy signatures.
Father, if it exists, it seems more likely to be
related to the distribution of scales of signatures.

The authors found that a far more fruitful
approach to the question was to ignore the details
of the rods altogether, or at least assume that the
vorticity is smeared out to give a region of solid
bod; rotation within the rod. It is found that all
of the salient properties of the spectrum can be
generated from the signatures and distribution of the
signatures existing in the irrotational fluid
surrounding the vortex rods.

Mean flow
direction

2

Fig.2 Definition of coordinates and vectcrs
for velccity signature anelysis.

In crder to keer the description simplie and
analytical, some simplifications will be made. Let
it be assumed that the spectral corntributions from
each hierarchy can be derived from one representative
eddy. Figure 2 shows one "lec" of the eddy beirc
sectioned by a plane cf censtant z. If we imacire
we have a hot-wire probe held staticnary ané the
eddy being convected past in the x directicn, then
the signature as seen by the probe can be calcula:
by deterrmiring U alonc the lines of constant y i
the xy plane. To avoid the complications invelved
with convection velocities, imacine that the vectcr
fielé is tempcrarily "frczen" and the sigratures will
be deccorposed in terms cf x corporent wave number k.

By arrlyinc the Bict-Savart law, it car. be shown

¥ & x r*
U= - = = scr 'r! >y
= 2T iy:2 e ¢
x {g x r} .
U= 5T I = for r <r
-~ b - - :
r.

where K is the circulation cf the vortex rcd an
is the rcd radius. All other symbcls are de
figure 2.
ve will imacine that we are makinc & series cf
'

"cuts" of uniform probability between Yo != rc) and ..

The macriitude of the signatures resches a maxirur
at yo ané fer 0<y<yq it drops rapidly te zero
for the U; componen for all x. The distance v,
represerts the maximur distance from the rod we
can go before experiencing the influence of the othrer
legs or the legs of other vortices. The analysis is
therefore using the signatures of one 1sclatec rod.
Of course, in future studies, the full ~ vortex and
arrays of such vortices should be used in a corputer
simulation.

Equation (1) gives the followinc velocity
signature for U

\
{ 1 I (2)
224 p?

-~
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)
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KA, h-
where Q = 77g where A;, h and g are

constants which depend on direction cosines of
vector §. This is expressed in its simples form by
an appropriate choice of the origin for x. Also
X, = (x-a)/y, where a is the shift in the origin for
x and a/y depends on the direction cosines. It can
be shown that the amplitude of the signature ~ 1l/y."'
The U, signature is an even "bell-shaped" function
and the other components are a combination of an even
and an odd function.

The Fourier transform of the Uj velocity
signature defined by

x

X k) = Jul(x) AKX ay (3)
turns out to be
R ol b4
X k) == A e (4)

where ky = kh, h being a constant of order unity and
depends on direction cosines of the vector §. It
can be shown that the functional form given~by (4)
is applicable for all three components of velocity.

Consider only the U; signature given by
equation (4). This is the Fourier transform of a
transient pulse and if a train of such pulses are
arranged randomly in the x direction with a mean
spacing §, it can be shown that the power spect-al
density is given by

Zf'ixl(kl,y) IZ

Pky,y) = — o (S)

This will be true precvidecd cross products betweern
neighbouring pulses make no contribution to the
spacially averaged two-point correlation coefficient
for points separated along the x direction. However,
if this is not true, then the power sp.ctral density
may have to be smoothed.

It will be assumed that the contribution to
spectral energy by "cuts" y < y are negligible.

Imagine that we have a col?ectxon of signature
trains all at different y and given the probability
of all "cuts” in the interval 0 <y <y, are
equally likely, it can be shown that the ensemble
averaged or smoothed power spectral density is then
given by

4!
Fik.) = 1 J Pk, ,y) dy (&)
1 ¥,
YO

£
‘The symbol "V" means "to scale with".

From equations (5) and (¢)

F(k,) = —
1 ¥ s \1h3

-2
—e klyo(yl/yo)} )

32 -
et 3 { e k) Yy

Since all hierarchies are geometrically similar, all
length scales will scale with y and ¢ will scale such
that QNUTy where U_ is the characteristic velocity
scale of agl the hierarchies.

Let equation (7) represent the smallest observed
hierarchy which will be labelled rn=1. 1f the tctal
number of observed hierarchies is ¥ , the resulting
power spectral density ¢ will be given by

‘ R (r.-1)
v(kly ) ) 1 { e-myc
L n=1 1Yo
T
PRI S0 O
"-Lw.o '.1 :o)'- } (&)
- e

Here ¢ is the energy per unit non-dimensional wave
number kyy,. The scale y, for the nth fierarchy 1is
y°2<n‘1).

Fror ficure 1, it car be seer that as we
fror the wall, the tctal nurker cf crservel h
dimirashes, 1.e. ! decreases. Rlsc, ¥, 15 th
est lencth scale c¢f the srmallest clserved nierarc

.

this will decrease as we arrroaeczh the wall and the

(S 3

scalin~ cn 3 srcovh surfa
cniversal ant 1¢ assg b4

kot an expeorential irtecral 1s ainvilved.
Fizure 2 shows eguaticn (#) for dif

£
1/ve = 17, 1.e. 1t 1s assumed i,

diameter tc lec spacirg is of this crder. It car be
seer. that as the wave rnumber is decreaseld, <
spectrur coes frorm ar "exporential-like" law tc a -1
power law with a short secticr which cculd be inter-
preted as a -5/3 law. However, the authors feel that
this is not of significance and that the law where the
variocus hierarchies "peel-off" is the -1 power law. The
scale y, deterrines the low wave-nurber cut-off or
"levellinc-out" and y. determines the higl wave-nurker
"cut~off". The spectral results of Perry and Abell (10!
taker. in the wall region of a pipe are showrn in ficure
4. The existence cf a -1 power law is cokvicus. This
law was deduced by Perry and Abell by a "region of over-
lap" argument based cn dimensional analysis. The depart-
ure from the -1 power law occurs at ajprroximately
kjz=1 in the experiments and at kv, = 10-1 accerdina
to equation (8). This implies that at level z, the
smallest "representative eddv" of sigrnificance has

ylt 0{z). This is of the right order.

It is very instrv~tive to loock at spectra far
from the wall. Here, the number N, of okserved
hierarchies falls off considerably and the spectra
should follow the pattern given in figure 4. Figure
5(a) shows some results of Abell and Perry (11) for a
smooth pipe. Again, the similarity with the computed
results givern in figure 3 is very encouraging. As

ies with v-
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Fig. 3. Equation (8) for various number of

observed hierarchies. Log ¢ (klyo) versus log (klyo).
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Fig. 4. Smooth-wall longitudinal spectra for the
wall similarity range z, > 100 and z/R <_0.1l.
Reynolds number range = 80x103 to 260x103, symbols
as for figure 11 of Perry and Abell(l2). R is the
pipe radius.
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Here 1 Y(ky2) d (ky2) = uiz +

a matter of interest, figure 5(b) shows some rough
wall results taken outside the wall similarity
region. The results show a similar behaviour. We
would expect the smallest hierarchy scale y or y
at the wall to scale with k, the roughness Seale.
tnfortunately, no measurements exist for the wall
similarity region for this case.

The model is of course simplified. Spectral
information concerned with the vortex shape and the
vortex stretching process is missing. However, the
authors contend that the inclusion of this
information will not alter the general behaviour
and will simply be hidden or "buried" 4in the -1
law region or else will be removed by smoothing.
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Here ¢(ky2) @ (kyz) = ui
+ V2 . .
vy is the broad~band turbulent intensity
distribution.
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The scalirc of the Perry and Abell (10) results
giver in figure 5 suggest that for the wall region
but beyoné the buffer zone,

d(kyz)
= f(k,z) (9)
v 1
T

and this appears valic richt up to hich wave-numbers.
This 1s reasonatle since at a giver 2z, the smallest
eddy cf significance observed will scale approximate-
ly with z since, if it is sraller, 1t will not be
seer and if 1t is larzer, 1t will rot be the smallest
ez,

In the erercy ¢

‘
k.2l (10)

cns (9) and
krocacé-kand

(11)

(10) alsc inccrporated
scheme by a further

e " oa it would appear that
trhis law 18 a "red herring"”, at least in wall
turtulence. However, the existence of the law is
ver: ckvious 1in cther types cf turtulence. 1f we

ticn (8) and redistribute the enercy
es such that
. (a1}
T 23 { 2k g2 PL
Vo e
Yo
_ } (12)
then cne ocktsine & family of spectra for different
Ng @s showr in fizure €. 21l low wave number “"peel-
off's” cco -2’2 line. Ficure 7(a) shows a
turbulens eddy structure in this jet is
gulte <ra a characteristic directior but
the res:l a wiver in figure 7(k) shows an

vitheout any evidence of a -1 law.
pezr that there are different sorts
the ~5/3 law results fror a
d1fferernt Zistr c1cn of enercy fror that found in
wall turkulence, This prokakly is related to th
fact that 1ir well turbulence, new vcrticity is
cor.tinually beinc cenerated at the wall, whereas in
a je=, rn further vcrticity is generated beyond the
Tet cutlet, The phivsical reasens for the -5/3 law
éisstr:buticr reed to ke rursued.

r
exters.ve 1
Thus, 1t woull a
cf turtulence an

i
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Equation (12) for different number of
observed hierarclries.
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CONCLUSION

By modelling the turbulent boundary layer as a
forest of A shaped vortices and without the use of
local isotropy, the spectrum of wall turbulence can
be derived from the signatures and distribution of
the signatures in the irrotational fluid surrounding
the legs of the vortices. A comparison of the
generated spectra with experimental spectra is
encouracing. The results show that for wall
turbulence, the law where the various hierarchies
"peel-off" is the -1 power law and an "exponential
like" law is obtained in the so-called dissipation
region. By redistributing the energy among the
hierarchy scales, the -5/3 power law replaces the
-1 law and this has been observed in jets.
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THEORETICAL PREDICTION OF CONFLUENT
BOUNDARY LAYERS

by
G. W. Brune
Boeing Commercial Airplane Company
Seattle, Washington

ABSTRACT

A computational method for the prediction of confluent boundary
layer flow is presented, as it may exist on the upper surface of slotted
multielement airfoils operating at low speeds. The method is based on
the twodimensional incompressible form of the turbulent boundary
layer equations, and the two-equation turbulence mode! of Jones and
Launder, modified to account for the effect of curved airfoil surfaces.
A Crank-Nicholson-type finite difference solution is employed together
with law of the wall boundary conditions. This paper emphasizes those
aspects of the computational method and turbulence model which are
important in engineering applications: the proper choice of injtial
values; the validity of the law of the wall boundary conditions; and the
limitation of the streamwise step size due to the turbulence model.
Test-theory comparisons for streamwise velocities. turbulent shear
stress, and turbulent kinetic energy of confluent boundary layers are
also included.

NOMENCLATURE
C law of the wall constant
C,CC.C, empirical coefficients of turbulence model
k turbulent kinetic energy
N number of grid points normal to surface
0.P.Q.R coefficients of algebraic equations
P time average of static pressure
R radius of surface curvature
Resx step size Reynolds number
¥ grid stretch factor
v streamwise and normal components of
mean velocity
u, friction velocity
b Reynolds shear stress
X,y streamwise and normal coordinates
Ax step size in streamwise direction

Greek Symbols

& boundary layer thickness

8° displacement thickness

€ dissipation of turbulent kinetic energy
n=ylb*

x law of the wall constant

v kinematic viscosity of air

by eddy viscosity

0 density

o, o, empirical coefficients of turbulence model

turbulent shear stress
° general dependent variable

Superscript and Subscripts

) variable at midpoint of step Ax
outer edge of boundary layer
potentia} flow velocity
value at surface

L -2 |

INTRODUCTION

Confluent boundary layers form when turbulent wakes merge with
adjacent turbulent boundary layers. Such turbulent wall shear lavers
may exist on the upper surface of slotted multielement airfoils.

Figure 1 shows an example of this type of shear layer on an airfoil con-
sisting of a wing section with a slotted leading edge flap and a doubie
slotted trailing edge flap. Profiles of streamwise velocity and Reynolds
stresses of confluent boundary layers are very complex.

The occurrence of confluent boundary layers depends on the
number of airfoil elements, their shapes and relative positions. and on
flight condition. Angle of attack and the gap between adjacent airfoil
elements are the main parameters determining their formation.

Figure 2 illustrates how the lift of a slotted two-element airfoil
changes with the size of the gap between the wing section and the flap
(ref. 1). In this figure. the airfoil lift is compared with the lift that the
same airfoil would generate in a hypothetical potential flow field The

CONFLUENT BOUNDARY LAYER
(NOT TO SCALE)

Figure 1.-Confiuent Bound= , Layer on Upper Surface of
Siotted Multieler.ent Airfoil

WING SECTION

/
FLAP

LIFT LOSS DUE TO CONFLUENT
BOUNDARY LAYER

LIFT IN POTENTIAL
- _/_ FLoW

—
—~—

LIFT AIRFOIL LIFT

GAP

Figure 2. - Viscous Lift Loss of Slotted Airfoil at Constant
Angle of Attack Below Stall
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viscous lift loes is defined as the difference between the potential flow
lift and the true airfoil lift. At a constant angle of attack well below
stall, airfoil lift varies nonlinearly with gap size. The optimum gay, size
corresponds to a flow situation, where the wake of the wing sectiop is
divided from the boundary layer on the upper flap surface by a region
of inviscid flow, and merging of the two layers begins in the vicinity of
the flap trailing edge. At smaller gaps. a confluent boundary layer
forms further upstream causing significant viscous lift losses. At larger
than optimum gaps, lift again decreases, but at a rate predicted by
potential flow theory, the associated viscous lift losses being due to or-
dinary boundary layers.

The method described in this paper was designed to predict, with
the same degree of computational efficiency and accuracy, both the
confluent boundary layer of a two-element airfoil and more complex
flow situations resulting from a larger number of merging shear layers.
This requirement excluded the use of algebraic turbulence modeling
and integral solutions. Instead, a high degree of flexibility was achiev-
ed by the choice of a two-equation turbulence mode! in conjunction
with a finite difference solution.

Several other confluent boundary layer methods are available for
applications to multielement high-lift airfoils (refs. 2 and 3).

COMPUTATIONAL METHOD
Mean Flow Equations

The equations are chosen on the basis of the following assumptions:

a) The mean flow is twodimensional and incompressible.

b) Boundary layer approximations apply.

¢} The radius of surface curvature R is of the order of the airfoil
chord length.

d) The boundary layer thickness é is small by comparison with the
local value of R.

Hence, the equations governing the mean flow read:

su_ov (s
Eilsol2)-0 1
ax oy " O(R) w

auat_ afr\ a A 5
P 4+ Ve = e e = 2 2 2)
FYRRP a;(,»)+ 3y (”’ 3 >* O<R)
. \ .
Ti(f+;k)=l—+o(i> @
oy \p 3 R R

Here, the x, y-coordinates are measured in the streamwise direction
and normal to the surface. The symbols U, V, P, and ¢ denote mean
values of streamwise and normal velocity components. static pressure.
and density of air, respectively. The equations are written in a form an-
ticipating application of the high Reynolds number version of the
k. e-model of turbulence to provide the eddy viscosity v, and the tur-
bulent kinetic energy k.

The mean flow equations are simplified by noting that the
x-momentum equation (2) does not contain explicit surface curvature
terms and, consequently, uncouples from the y-momentum equation (3).
The latter equation, therefore, can be solved separately (ref. 4) to ob-
tain the pressure gradient in streamwise direction as a function of the
potential flow velocity Ug at the outer edge of the boundary layer.

o [P du )
- —f— )= —f + Of—
8x<p> Ve dx (R) “@

In deriving this equation from the y-momentum equation, turbulent
kinetic energy terms have been neglected, consistent with the order of
the neglected terms of the x-momentum equation. Equation (4) is also
the correct limiting form of the x-momentum equation at the outer
edge of the boundary layer.

Turbulence Model

The k, e-model of turbulence (refs. 5, 6, 7), modified to account
for moderately curved convex surfaces, is employed to compute the ed-
dy viscosity vy. For curved surfaces, v+ is defined by the following
equation for the turbulent shear stress 7,:

Ty au v )
— ey f—m e —
[ T \3y R+
In the k. ¢-model, v+ is obtained from:
s 6)
vr = (“ .

where the turbulent kinetic energy k and its dissipation ¢, in turn,
are computed from the following conservation equations, written in
boundary layer form.
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These equations predict the effect of surface curvature in two
ways. First, by formal surface curvature terms in their production and
destruction terms which, as is well known (refs. 4, 6). will only account
for a small part of the total curvature effect. Second, by an empirical
correction of the production term of the dissipation equation (8) The
coefficient C, of the basic form of the k, ¢-model is redefined to be a
linear function of the term (k/eXUAR + y)).

kU
. - ——— 9
C] Cl(l*(‘"eR#_\)

C, is an empirical coefficient whose value is given below for convex
curvature. There is no theoretical justification for this particular em-
pirical correction, but the term (k/eXU/AR + y)) is the simplest possible
nondimensional group that can be formed with the main variables. The
reader should note that for positive values of C,, the above empirical
correction will increase the dissipation on convex surfaces where R is
defined to be positive. This, in turn, will decrease turbulent kinetic
energy and shear in agreement with the physics of curved turbulent
shear flows (ref. 4).

The six empirical coefficients of the turbulence model are
C.=0090, =10 =13C =144C = 192 C, = 125

The described high Reynolds number form of the k. ¢-model is not
valid in the viscous sublayer and, therefore, can only be used with a
wall function method such as the one discussed below.

Wall Function Method

A wall function method, in which the law of the wall boundary
conditions are applied outside the viscous sublayer, is utilized to ensure
the computational efficiency of the prediction method. A finite dif-
ference solution of the flow in the sublaver, where flow variables
change rapidly in direction normal to the surface. would require addi-
tional computational grid points and would. therefore, increase com-
puter time and storage.

A two-point technique, illustrated in figure 3. is used to patch the
logarithmic profile of the streamwise velocity to the outer part of the
boundary layer. The velocity profile is assumed to be logarithmic at the
two computational grid points closest to the surface. Neglecting the ef-
fect of surface curvature on the law of the wall, the boundary condi-
tions at grid point 1 can be stated as:

YU
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Figure 3. - Two-Point Wall Function Method

These boundary conditions are expressed in terms of the friction
velocity (u,=+'1,/¢, with 75 being the shear stress at the surface),
which is obtained from the assumption that the velocity profile is
logarithmic at grid point 2.

For ordinary boundary layers on smooth surfaces, the law of the
wall constants are approximately k= 0.4 and C = 5.5. The correspon-
ding values for confluent boundary layers are not well known but are
most likely affected by the merging of the shear layers. In the absence
of any better information, the values cited for ordinary boundary layers
have been used for all computed results presented in this paper.

Outer Edge Boundary Conditions

At the outer edge of the boundary layer (subscript e). the boundary
conditions ke = 0 and ¢¢ = O are chosen for convenience (ref. 8).

The edge velocity Up for curved surfaces is obtained from the sur-
face value of the potential flow velocity Ups using the relation

U H
. R, 0(5_) a3
U, R \R

Finite Difference Solution

The equations governing mean flow and turbulence are parabolic,
therefore they can be solved by stepping along the surface beginning
with known boundary layer profiles at the upstream surface station.

In order to implement the finite difference solution, the equations
are discretized in x, ncoordinates, where n = y/5°(x). Here, the
displacement thickness §* is being used as a convenient reference
variable to enlarge the grid point gpacing in the physical domain, in
regions of increasing boundary layer thickness. 6* is defined by

&
§%(x) = f

(4]

[

p

dy (14)

with Uy, representing the local potential flow velocity. Note that taking
the absolute value of the integrand avoids zero and negative values of
é* for confluent boundary layers.

The grid point spacing in the computational domain can be varied
in the direction of the surface normal using a suitable stretch factor S,.
Grid point coordinates are obtained from N+1 = M5 + S, 1—m)
)j=2.3,..N-1

The equations are solved employing @ modification of the Crank-
Nicholson finite difference method due to Mellor and Herring (ref. 9).
Briefly. the governing equations are written at the midpoint between
two consecutive surface stations x;-1 and x;. Denoting by ¢ any depen-
dent variable or term of the equations, the value and x-derivative of ¢
at this midpoint are

- ] '0-0 ‘i-ol-l Qas)
¢- :_(ou * ’l-l) X - %y

The 5- derivatives of @ at any surface station are expressed by cen-
tral differences as follows:
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Assuming that all variables are known at the previous station
Xj-1. their values at the new station. xj = xj—1 + Ax, are computed
by solving the algebraic equations which result from the outlined finite
difference approximations. The x- momentum equation and the
k. e-equations have the general form

0,041 * Poy + Q0 = R, (18

where ojj stands for any of the unknown variables Uj;. kij. ¢ij. These
equations are nonlinear since the coefficients O, P. Q. R are functions
of the unknowns and, hence, are solved iteratively at each surface sta-
tion.

Initial Values

The solution method requires initial values of all boundary laver
variables at the upstream surface station (subscript 1). Two options are
provided, one requiving a complete set of boundary layer profiles con-
sisting of stream wi. 2 velacity U,(y), kinematic Revnolds shear stress
@V.(v), and turbulent kinetic energy k,(y). In this case. an initial pro-
file of the dissipation «,(y) is cc puted from the input values combin-
ing equations (5) and (6) with 7, = = oTv.

Since in many cases, turbulence data ure not available to start the
computation. a second option is provided in which only the streamwise
velocity profile U,(y) is required. Profiles k,(y) and ¢,(y) are generated
by solving the k. ¢c-equations (7) and (8) assuming that U. k. ¢ are func-
tions of the independent variable n only, i.e., similar profiles are
assumed.

NUMERICAL PROPERTIES
Surface Curvature

The described modification of the k. e-turbulence model for the ef-
fect of surface curvature differs from other methods such as the one of
Launder et al. (ref. 6). For this reason, the results of the test-theorv
comparison used to calibrate the method are discussed. The empirical
curvature coefficient Cy has been determined on the basis of the ex-
perimental data of So and Mellor (ref. 10} for a turbulent boundary
layer developing on a convex surface. This test case is well suited for
such a calibration since the boundary layer thickness is about 10 per-
cent of the local radius of surface curvature, a ratio which is represen.
tative of many confluent boundary layers. Furthermore, streamwise
pressure gradients are absent so that the calibration could be
performed by concentrating solely on curvature effects.

Results of this calibration are shown in figure 4. They were obtain-
ed by starting the theoretical predictions about 13 boundary laver
thicknesses upstream of the station for which the test-theory com.
parison is given. Only experimental streamwise velocities were used at
this initial station, whereas profiles of turbulence data were generated
assuming similar profiles for U, k, ¢. The value Ca = 1.25 gave the
best match of theory with experiment, accurately predicting the greatly
reduced turbulent activity in the outer half of the boundary laver. For
comparison, the theoretical results predicted with formal surface cur-
vature terms, but without any additional empirical correction (Cx = 0).
are included. The need for such an empirical correction is apparent.

Initia] Values

The confluent boundary layer experiment of Pot (refs. 11, 12). il-
lustrated in figure 5, served to study the effect of the two described op-
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tions for initial values on the solution accuracy. The experimental data
include detailed measurements of streamwise velocity and profiles of
Reynolds stresses of a single turbulent wake merging with a single
boundary layer in zero pressure gradient. The wake and boundary layer
were generated by two parallel flat plates, sufficiently removed from
each other to allow a region of potential flow to exist between them in-
itially.

The theoretical predictions were started at the end of this
embedded potential core (x = 522mm) with different initial values
{figure 6). In one case, all required initial boundary layer profiles were
taken from the experiment. In the other case, only the measured
streamwise velocity profile was used, and initial values for turbulence
data were calculated assuming similar profiles. The two starting techni-
ques produced virtually identical velocity profiles at subsequent surface
stations which are in excellent agreement with the experiment. Tur-
bulent shear stress and turbulent kinetic energy profiles, computed by
the two starting techniques, are considerably different at upstream sur-
face stations but match very well downstream. Only fair agreement
with experimental data of turbulent quantities could be achieved,
which is of little concern in aerodynamic applications as long as veloci-
ty profiles or equivalently boundary layer integral parameters and skin
friction are accurately predicted.

e —
,’
v gl
Ups
0 1 re 2 4 1 p— |
.8 1 1.2
0 2 v
)

3} STREAMWISE VELOCITY

¢) TURBULENT KINETIC ENERGY

®  EXPERIMENT, SO AND MELLOR (STATION =17)
PRESENT METHOD, Cpy = 1.25

= =~ =PRESENT METHOD, Cp * 0

— - =POTENTIAL FLOW

Figure 4. - Effect of Curvature Coefficient Cp on Boundary Layer of
Convex Surface

EMBEDDED POTENTIAL CORE

CONFLUENT BOUNDARY
LAYER (NOT TO SCALE)

X

Figure 5. - Confluent Boundary Layer Experiment of Pot

Streamwise Step Size Limitation

The prediction method leads to converged solutions only if the
streamwise step size is limited to small values, usually about one half
of the local boundary layer thickness. At the initial surface station. the
maximum step size is restricted to a small fraction of the boundary
layer thickness.

The cause of this step size limitation was investigated by employ-
ing a criterion recently applied by Wilcox (ref. 13) to determine the
stability limits of a similar computational method. This criterion re-
quires diagonal dominance of the tridiagonal matrix equations (18) for
a converged solution of the nonlinear algebraic equations at each new
surface station. Application of this criterion, written as

IPJr > |OJ +QJ. (19
gives the following results:
a) The solution of the x-momentum equation is unconditionally
stable for all streamwise step sizes Ax.
b) The solution of the k. e-equations is unconditionally stable if the
destruction terms are larger than the generation terms
¢) If the destruction terms are smaller than the generation terms.
the k, e-equations will only converge if the streamwise step size
is limited. In the absence of surface curvature effects, the
k-equation imposes the following limit on the step size Ax

WU
_ {3y

where all variables are written at the midpoint of the step. The
¢-equation gives a similar but less restrictive formula.

In order to prove the validity of equation (20). a profile of the step
size Reynolds number Reax = (UaAx)/» was plotted at the initial sta-
tion of a flat plate boundary layer calculation (figure 7). This profile
shows rapid changes caused by an initial velocity profile that was not
smoothed. The maximum allowable step size is given by the absolute
minimum of Resx which occurs very close to the surface. Thi
theoretical value of Axmay is 4/8 which very closely agrees with the
step size limitation of /6 found by numerical experimentation. The
result confirms numerically that the streamwise step size of the com-
putational method is limited by the use of the conservation equations
for k and ¢. For two-dimensional boundary layer computations, this
step size limitation does not inhibit the economy of the calculation.
since converged solutions at each surface station can be obtained in a
few iteration cycles.

Mn < 200

Embedded Potential Core

For some multielement airfoil configurstions and flight conditions,
regions of inviscid flow separate neighboring wakes and boundary
layers. The length of such s region, termed potential core. must be ac-
curately predicted since merging of the shear layers and associated
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Figure 6. - Effect of Initial Values on Prediction of Confiuent Boundary Layer

significant changes in airfoil performance begin with the disappearance
of this potential core. The k, e-model of turbulence is well suited for
such a prediction since the type of flow region, either boundary layer,
wake. or potential flow, need not be specified @ priori and can be
predicted with one and the same computational method. Accurate mean
flow predictions of shear layers with an embedded potential core are
shown in figure 8 , using the data of Pot (ref. 12) upstream of the
previously discussed test-theory comparison based on the same experi-
ment. Corresponding turbulence data are also compared in this figure.
In order to perform reliable calculations in flow regions with a very
low level of turbulence, care must be taken to eliminste numerical
noise from the values of the dissipation ¢. The latter variable is the
denominator in equation (6) for the eddy viscosity »y, 80 that in flow
regions with little dissipation very small errors in ¢ can lead to large

errors of v,. For this reason, the present prediction method utilizes on-

ly those values of ¢ which are at least one order of magnitude larger
than the corresponding values of turbulent kinetic energy k.

Adverse Pressure Gradient

The main assumption of the described two-point wall function
method concerns the existence of a logarithmic velocity profile at the
two grid points closest to the surface. This requirement is difficult to
satisfy for boundary layers in adverse pressure gradients, since the

relative width of the logarithmic layer is greatly reduced when separa-
tion is approached. To illustrate this problem, figure 9 gives an exam-

ple of the size of the logarithmic layer in the computational
x, n-domain based on the data of Schubauer and Spangenberg (ref 14)
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CONCLUSIONS

The described computational method is applicable without
modification to many different types of turbulent wall flows. Test-
theory comparisons for ordinary boundary layers, wall jets. and con-
fluent boundary layers support the following conclusions:

a) The method provides an accurate prediction of those turbulent

shear flows that exist on slotted multielement airfoils operating

at low free stream Mach numbers.

Accurate predictions of mean flow can be made in cases where
initial values of turbulence data are not available.

The use of the k. e-model of turbulence and a finite difference
solution method, provide sufficient versatility to predict the
merging of different types of turbulent shear flows.

b

c

d

has severely limited the grid spacing in the streamwise direc-
tion. This limitation must be removed before the method is ex-
tended to predict economically threedimensional flows.

e) The application of law of the wall boundary conditions is com-
nutationally efficient but causes difficulties in boundary layers
approaching separation.

f) There is need f: - additional experimenta) data of confluent
boundary layers comprising streamwise velocity profiles, skin
friction. and Reynolds stresses.
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Three Dimensional Boundary Layer Development

in an Axially Rotating Pipe

M. Murakami, K. Kikuyama and K. Nishibori

Department of Mechanical Engineering
Nagoya University

Chikusa-ku, Nagoya,

ABSTRACT

Experimental results of the boundary layer de-
velopment in the inlet portion of a rotating pipe are
presented. An undeveloped flow with a rectangular
velocity distribution was introduced into the pipe

rotating about its axis. It has been shown that
the flow in the boundary layer is affected by two
counter effects. One is a destabilizing effect due

to an increase of the relative velocity of fluid at
the wall surface caused by the pipe rotation, and
the other is a stabilizing effect due to the sup-
pression of turbulence brought about by the cent-
rifugal force of the swirling flow component.
Whether the stabilizing effect is dominant or not
depends on the through-flow Reynolds number and the
rotational speed of the pipe.

It has been verified experimentally that a
certain combination of the two parameters causes a
reverse transition from turbulent to laminar flow
in the boundary layer flow.

NOMENCLATURE

a : pipe radius
d : pipe diameter = 2a
H : form parameter = &*/@x
N : rotation rate = \y/Up
Re : axial Reynolds number = Upd/v
Rex': inlet length Reynolds number = Upx'/v
r : radial distance
s : running clearance at the pipe entrance
U, V, W: time mean velocity components in x, y, and
~ z directions, respectively
U : instantaneous velocity component in x
direction
Ue : value of U at outer edge of boundary layer
Up : mean axial velocity
Vo : peripheral speed of rotating pipe
x : axial distance from the inlet section of
rotating pipe
x' : axial distance from the assumed leading
edge of boundary layer
y : circumferential distance along pipe
periphery
z : radial distance from pipe wall
Y : intermittency factor
§ : thickness of boundary layer
6* : displacement thickness of boundary layer in
x direction
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8x : momentum thickness of boundary layer in
x direction
§
= J (U/U) (1 - U/Ug) (r/a) d:
0
8xy: momentum thickness of boundary laver in
y direction
8 2
- J W/e) (V/Vg) (1/a)%4:
0
v : kinematic viscosity
INTRODUCTION

When a flow from a stationary pipe enters an
axially rotating pipe, a tangential component of vel-
ocity is given to the flow by the moving wall, which
causes a large change both in the axial velocity
profile and the turbulent structure in the flow.

This type of flow prevails in the inlet parts of
fluid machinery, heat exchangers, and cooling system
of rotors.

The decrease in the hydraulic less in rotating
pipes when a fully developed turbulent flow was
introduced into the pipe was examined by Levv{l and
White(2). Murakami and Kikuyama(3) measured bhoth
the hydraulic loss and velocity profiles in axially
rotating pipes when the flow was turbulent and found
that the pipe rotation stabilized the flow and reduced
the hydraut!ic loss in the pipe. In this case the
axial velocity profile tended to approach the laminar
flow profile in the downstream region of the rotating
pipe. Using a visualization technique, Cannon and
Kays (4) found two kinds of flow regions: one becing the
core region without a rotational component, and thc
other being the wall region with a rotational com-
ponent. In the latter region the turbulence was
observed to be suppressed.

Pedley(5) analyzed theoretically the stability
of a laminar flow in a rotating pipe when the flow
had a solid rotation type swirling velocity component,
and showed that the pipe rotation destabili:zed the
laminar flow state if the axial Reynolds number
exceeded 82.9.

From the authors' study cited above, it may be
seen that the pipe rotation stabilizes or destabili:zes
the flow in accordance with the states of flow in the
pipe. The occurrence of the same phenomena can be
expected in the developing boundary layer in the inlet
region of the rotating pipe.

This paper describes the effects of the pipe
rotation on the transition and suppression of
turbulence in this developing boundary laver.
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EQUIPMENT AND METHOD OF EXPERIMENT

A schematic outline of the experimental
apparatus is shown in Fig. 1(a). The airdischarged
from a centrifugal blower flows through a rectifying
tank, a nozzle, and a rotating pipe, successively,
and is returned to the blower through a stationary
pipe and a filter. In order to make the velocity
distribution uniform over the inlet section of the
rotating pipe and to homogenize the turbulence
structure, a honeycomb (20 mm square and 100 mm long)
and six screens (mesh size : 1.0~2.62 mm, screen
wire dia.: 0.26 ~0.56 mm) were provided in the
rectifying tank and the air stream from the tank was
throttled by the nozzle in the ratio of 12.3 : 1.
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1. Blower 2. Rectifying Tank
3. Honeycomb 4. Gauze Screen
5. Nozzle 6. Bearing Box
7. Rotating Pipe 8. Measuring Section
9. Filter
Fig. 1 (a) Schematic outline of Experimental

apparatus

1. Rotating Pipes 2. Stationary Ring
3. Pitot Probe 4. Pulley
5. Bearing 6. Oil-seal

Fig. 1 (b) Details in measuring section
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The rotating pipe had a diameter of 100 mm and a
hydraulically smooth surface. To check the effect of
the running clearance between the nozzle and the
rotating pipe on the flow, the tests were made at two
clearances of s = 1.6 mm (s/d = 0.016) and 0.2 mm (
s/d = 0.002), respectively.

Measurements of velocities were made at the
sections ofx/d = 0, 2.7, 5.7, 9.7, 12.7,+++- , and
38.5, where a hot wire probe and a three-hole Pitot
tube were inserted. These probes were mounted on a
narrow stationary ring of 10 mm length placed between
two rotating sections and the probes were inserted
into the rotating section througha small hole drilled
in the stationary ring. Details of this measuring
section are shown in Fig. 1(b). The leakage of the
air through the running clearances was prevented by
the oil-seals.

The experimental ranges of the axial Reynolds
number Re and the rotation rate N were 6 x 10“<Reg
9 x 10*, and 0 <N £0.83, respectively.

EXPERIMENTAL RESULTS AND DISCUSSIONS

Velocity Distributions Figure 2 shows the velocity

profile at the entrance section of the rotating pipe
(x/d = 0) when the pipe is held stationary (N = 0)
and Re = 7.5 x 10" Both the uniformity and axi-
symmetricity are seen to be established well except
for a narrow region near the wall, the thickness being
§*/a = 0.015. The turbulence intensity u'/U, was
measured to be less than 0.003 in this uniform
velocity field.

Figure 3 shows the velocity profiles in the
boundary layer at different sections when the pipe is
stationary (N = 0) and the clearance is held to be

1.6 mm, The radial distance z is made dimensionless
1.
S
N
-1.
Fig. 2 Axial velocity distribution at the

entrance section
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by the momentum thickness 6x in the figure. At the
sections of x/d = 5.7 and 9.7, the velocity profiles
coincide well with the Blasius® velocity curve for the
flow on a flat plate with no pressure gradient. Thus,
the flow in this stationary pipe is corsidered to be
laminar. The velocity profile is changed abruptly at
the downstream sections, x/d = 12.7 and 15.5. The
velocity curve at x/d = 15.5 shows the same profile

as measured by Nikuradse in a fully developed turbulent
pipe flow (Re = 1.1 x 10%) as shown by a chain line in
this figure. When the pipe is rotating, the flow
receives a tangential velocity component and this
component brings about a change in the axial velocity
distribution.

Figures 4(a), (b), (¢), and (d) show the axial
and tangential velocity curves for different sections
when the pipe is rotated at therates of N = 0.25,
0.35, 0.5 and 0.63, respectively. For reference, the
velocity curves obtained by Blasius (laminar flow) and
Nikuradse(turbulent flow), respectively, are alsc
plotted in these figures. Judging from the velocity
profiles for N = 0.25, the flow is said to be laminar
in all sections upstream of x/d = 12.7, but at the
downstream section x/d = 15.5, the flow has turned
into a turbulent state. Comparing this results with
that for N = 0, it may be considered that the pipe
rotation in this case stabilizes the flow, since the
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transition of flow from laminar to turbulent is seen
in farther downstream sections in the rotating state.

The curves of the tangential velocities V/Vg in
different sections show a similar tendency within the
range of x/d £ 12.7, and a discontinuity observed at
about the point of V/Vo = 0.6 will be due to a local
instability caused by a large shear near the moving
wall, At the section x/d = 15.5, this discontinuity
cannot be seen in the velocity curve.

When the rotation rate is increased to N = 0.35
(Fig. 4(b)), the axial velocity profile at the
section x/d = 5.7 exhibits a laminar flow pattern and
at the section x/d = 9.7 the profile begins to turn
into a turbulent state. But they are again returned
in a laminar state by the stabilizing effect of the
swirling velocity component as shown in the profile
of x/d = 12.7. In the farther downstream section
x/d = 15.5, however, they are almost in a turbulent
flow pattern. The stabilizing and destabilizing
effects of the pipe rotation become more dominant when
the rotation rate is increased to N = 0.5 as shown in
Fig. 4(c). Both of the axial and tangential
velocity profiles in the section of x/d = 5.7 exhibit
a laminar flow pattern, but in the section of x/d =
9.7 the flow pattern becomes a turbulent one.

Farther downstream, at x/d = 12.7, the flow pattern
again becomes laminar, namely a "relaminarization
phenomenon' is seen to occur, In this section,
there is a slight discontinuity in the curve of V/Vg,
corresponding to a local instability. This laminar
state of flow becomes again turbulent at the section
of x/d = 15.5. At the rotational speed of N = 0,63
(Fig. 4(d)), the axial velocity profile is of a
turbulent flow type in every section.

To confirm the above description, a hot wire
probe was inserted at the section x/d = 12.7, and
its instantaneous output was recorded. The results
are shown in Fig. 5, in which the distance 2 of the
probe from the pipe wall is made to be 0.9 mm (z/8x
= 0.5 ~1.0) and the Reynolds number is adjusied as
Re = 7.5 x 10,  The output corresponding tc the

turhulent velocity component in the stationar-
or Re = 7 5x1¢
x/d~12.7
z »~ 0.9mm

. " A4
0 1] Q2 Q 04

Fig. 5 Output signals of hot wire probe for
x/d = 12.7, Re = 7.5 x 10“, and z/d
= 0,009 (s = 1.6 mm)
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state N = 0 is seen to fluctuate just as in a turbulent
flow. If the pipe is made to rotate and its rate is
elevated to N = 0.43, this intensive turbulent
fluctuation dies away and the flow almost becomes
laminar. A further increase of N to 0.63, however,
again brings about an intensive fluctuation character-
izing a turbulent flow. The above results on the
fluctuation of velocities will confirm well the
reason for the change in the velocity profiles in
Figs. 3, and 4(c) and (d).

Momentum thickness and form parameter Changes

of the momentum thicknesses both in the axial and
tangential components 6x and Oxy along the pipe axis
are shown in Fig. 6, where Re = 7.5 x 10“ and s/d =
0.016. Already at the inlet section of the rotating
pipe, the boundary layer is seen to be developed,
which shows the effect of the nozzle wall before the
inlet. To account for this, an equivalent pipe
length is introduced, at the end of which the boundary
layer that would have been developed is the same
amount as that observed at the exit section of the
nozzle. This length can be assumed to be 1.3d,
irrespective of the Reynolds number, and the axial
distance x' from the assumed leading edge is expressed
as

x' =x + 1.5d
where x denotes the distance measured from the leading
edge of the rotating pipe. In the figure, x/d and
also Rex' = Upx'/v are taken as the abscissa.

When the pipe is stationary (N = 0), 6x has a
comparative high increase near the section correspond-
ing to Rex' = 10° or x/d = 12.7. Near this section
the boundary layer is expected to change from laminar
to turbulert. When the pipe is rotated at the ratec of
N=0.15~9.5, the point of the transition shifts to the
dewnstream side and comes to the section Rex' z 1.2 »
16’ The same change can be seen in 6xy when N g
0.5, When the rotation rate N is increased to (.63,
the point of the transition is seen to move upstream.
Thir shift of the transition corresponds well to the
resulvs described already.

The form parameters H for different Reymolds
~umbers are plotted against Rex' in Fig. T, when N=0.
The values of H = 1.7 and 2.5 are also shown in this
figure by broken lines: H = 1.7 corresponds to s
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Fig. 6 Changes of 8x and 6xy along the pipe
for s/d = 0.0l6



i?-"

R, } 4

N

. 108 25
Rov (=Umx/v)

Fig. 7

Changes of H along the pipe for N = 0
and s/d = 0.016

developed turbulent flow and H = 2.5 to a developed
laminar flow. Increasing the axial Reynolds number
Re, the transition point moves upstream as is.expected
from the foregoing results.

Figures 8(a), (b) and (c) show the changes of
the form parameter H along the pipe when Re = 6.0 X
10, 7.5 x 10* and 9.0 x 10", respectively. When
Re = 6 x 10" (Fig. 8(a)), the transition point moves
upstream gradually as the rotation rate N is increas-
ed. and at N = 0.83 this point reaches the section
where Rex' = 0.35 x 105,

When the Reynolds number Re is increased to Re =
7.5 x 10" as in Fig. 8(b), a different situation
occurs and the transition point in the rotating state
of N = 0,15 comes to a section situating downstream
of the transition in the stationary state N = 0.
This delay of the transition in the rotating pipe is
caused bv a stabilizing effect of the swirling flow
component. If N is increased further to N = 0.25,
however, the pipe rotation disturbs the flow and the
transition from laminar to turbulent flow occurs at
an early section. In this case the turbulent flow
again becomes laminar in the downstream sections and
H charges in a wavy form along the pipe. This wavy
change in H is seen only in the range of 0.25 S N £
0.5. When N 1is increased beyond this range,
namely, to N = 0.63, the flow transition occurs
earlier, and H decreases gradually along the pipe,
showing no wavy form. At the Reynolds number Re =
9 x 10" (Fig. S(c)), the noint of the transition moves
downstream as N is increased when N is in the range
of NS0.55 but it moves upstream when N is increased
bevond the limit. The curve of H in N = 0.5 comes
near to that in the stationary state of N = 0,

flow regimes in rotating pipe With knowledge of

the form parameters H obtained from the velocity
profiles and the intermittency factors y measured
by the hot wire anemometer, the flow regimes in the
rotating pipe can be constructed. Figures 9(a) and
(b) exhibit the flow regimes obtained for the inlet
running clearances of s/d = 0.016 and 0.002,
respectively. In these figures the following classi-
fications are adopted, depending on vy and H:

(1) laminar state : when vy £0.05 or H 2 2.5,

(2) transition state : when 0.05<y< 0.9 or 2.5>

H>1.7,
(3) turbulent state :

when vy 2 0.9 or H g 1.7.

When the running clearance is made to be s/d =
0.016 (Fig. 9(a)), the laminar region becomes
In the case of Re = 6 x

narrower as Re increases.
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Fig. 8(a) Changes of H along the pipe for

Re = 6 x 10" and s/d = 0.016
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Fig. 8(c) Changes of H along the pipe for

Re = 9 x 10" and s/d = 0.0l¢
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Fig. 9(a) Flow regime for s/d = 0.016

10*, the pipe rotation can stabilize the flow only
when N < 0.15, and if N is increased beyond this
limit, the flow is disturbed and an early transition
is brought about. When the rotation rate exceeds
the value N = 0.8, the flow becomes turbulent shortly
after the inlet section of the rotating pipe.

The flow regime map at Re = 7.5 x 10* differs
remarkably from that at Re = 6 x 10, In the case
of Re = 7.5 x 10*. the dimension of the laminar flow
region situated near the inlet section decreases as
N increases. Another isolated laminar flow region
is seen inside the transition flow territory. This
laminar region appears only within the rotation range
0.3 < N < 0.45,

When Re is increased to 9 x 10*, the laminar
flow region after the inlet section becomes narrower
and the stabilizing effect of the rotating pipe is
observed only in a small range of 0.2 < N < 0.5,

Generally, the transition phenomenon is very
sensitive to the upstream condition of flow, and the
running clearance at the rotating pipe inlet will
exert some influence on the flow regimes explained
above. The results for another running clearance of
s/d = 0.002 are shown in Fig. 9(b), where the results
for s/d = 0.016 are also plotted. It is seen that
the wider clearance causes much disturbance to the
flow and an early transition is brought about, but
the flow regime maps for both clearances do not
exhibit any qualitative differences.

CONCLUSIONS

An undeveloped uniform flow was introduced to an
axially rotating pipe, and the velocity distribution
and turbulence intensity were measured in the ranges
of the Reynolds number Re = 6 ~ 9 x 10" and the
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rotation rate 0 < N £ 0.83. The results obtained
are summarized as follows:

(1) Pipe rotation causes a stabilizing effect
or a destabilizing effect on the boundary layer flow
according to the values of Re and N. A relaminari-
zation phenomenon is observed in the rotating pipe
within certain boundaries of Re and N.

(2) Transition of the flow is sensitively
affected by the running clearance between the rotating
pipe and the upstream stationary noz:le, but if the
clearance ratio s/d is made to lie in the range of
s/d = 0.002 ~ 0.016, the size of the clearance does
not give any qualitative change in the flow.
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ABSTRACT

An analysis and experiments are presented about a
turbulent boundary layer on a cylinder rotating in an
axial flow. A non-orthogonal and non-inertial frame
is used to clarify the characteristics of the boundary
layer in the near-wall region. Exploration of the
boundary layer equation leads to & novel type wall
variable and then new sublayer and logarithmic layer
velocity distributions. The mean velocity profiles
obtained in the experiments confirmed the novel veloc-
ity distribution law. Power spectra measured near the
wall exhibited a mild but clear peak. Discussion was
made as to the origin of the peak, and attention was
drawn to a possible large eddy structure.

NOMENCLATURE

a = radius of the cylinder

P = static pressure

Re = Uma/v, reference Reynolds number

r = a+x® = a+z, radial coordinate

Tij = contravariant component of the stress tensor

Tij = physical component of the stress tensor

Ue = free stream velocity outside of the layer

Um = reference free stream velocity at x = 0

Ur = e+ (rw)“, relative velocity of the inviscid
flow with respect to the rotating frame

Ugro = /ﬁei *(au)’, value of UR at the cylinder sur-

face
U,V,W = mean velocity components in the x-, y- and :z
directions respectively

vl = contravariant component of the mean velocity
Uj = physical component of the mean velocity
Urelo = 2+ (aw-V)2, relative velocity in the bound-
) ary laver to the rotating cylinder
ul = contravariant component of the fluctuating ve-
locity
uj = physical component of the fluctuating velocity
Vo = aw, peripheral velocity of the cylinder
xi = coordinates of the rotating streamline frame,
- Fig. 1
x1 = coordinates of the non-inertial Cartesian re-
ference frame, Fig. 1
Xx,y,z = stationary cylindrical coordinates; axial, pe-
ripheral and radial coordinates respectively,
z=r-Q
a = Vo/Ue, local speed ratio
$im z Vo/Un, reference speed ratio
4 = component of the angular velocity of the ro-

tating Cartesian frame with respect to the
stationary frame
w = angular velocity of the cylinder
oy#,%ye = normalized one-dimensional energy spectra
of fluctuating velocities

2.7

Oberbars are used to designate the Cartesian non-
inertial reference frame.

INTRODUCTION

The turbulent shear flow along a flat plate has a
multi-layered structure as the most fundamental feature
of the mean velocity field. On the other hand, the
details of the multi-layered structure of the general
complex turbulent shear flow along a wall are still
unknown. In this report the turbulent boundary laver
on a rotating cylinder in an axial flow is treated as
one of the complex turbulent flows; this is affected
by both the transverse curvature and the centrifugal
force. This flow is perhaps one of the simplest of
general three-dimensional flows. One of the main ob-
jectives of the present paper is to analyse the simi-
larity of the near-wall flow in order to establish a
universal velocity distribution law which is similar
to the classical law of the wall.

Lohmann (1) and Arzoumanian et al. (2) insisted
that the relative velocity to the rotating cylinder
show the same logarithmic profile as for flat-plate
flow. We earlier made a suggestion on the same formu-
lation of the law of the wall (é). This law might be
valid in a thin boundary laver having negligible ef-
fects of the transverse curvature and the centrifugal
force. If the boundary layer is thick, it does not
show *he above-mentioned logarithmic law, as will be
shown in our experimental results. This phenomenon
may also be inferred from the large deviation of the
mixing length distribution from that of the two-dimen-
sional case as described in a previous paper (d4).

In order to clarify this crucial point, we derive
the boundary laver equations expressed by a non-corthog-
onal coordinate system rotating with the cylinder which
reflects well the features of the present flow, and ob-
tain a novel logarithmic law. Experiments have also
been performed by use of a rotating cylinder in an ax-
ial flow. The mean velocity distribution measured de-
finitely confirms the novel logarithmic law. Tower
spectra of turbulence obtained exhibited a particular
characteristic which implied a special large eddy.

DERIVATION OF BASIC EQUATIONS AND LOGARITHMIC LAW

Boundary Layer Equations in a Rotating Streamline
Frame

Let us suppose that the ngn-inertial Cartesian
reference frame (coordinates x1) is firmly attached to
the cylinder spinning at the angular velocity .. A
set of coordinates x' with respect to the non-inertial
curvilinear frame is defined as shown in Fig. 1, Sup-
posing an inviscid flow of velocity Ue in the x?-direc-
tion in the stationary frame, we define the curved x!'-
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Fig. 1 Rotating streamline coordinates

coordinate line as a line whose tangent is in the di-
rection of the relative velocity vector with respect
to the rotating frame. The x’-coord1nate curve is ra-
dial straight line. The surface x!-x? is a helicoid.
The x2?-coordinate curve is chosen parallel to the
leading edge of the cylinder considering the rotation-
al symmetry of the flow. The x!-coordinate is the
length normalized to the projected length on the cyl-
inder surface, the x2-coordinate is the azimuthal an-
gle, and the x?-coordinate is the length measured from
the cvlinder surface. A set of coordinates x! is thus
a non-inertial non-orthogonal curvilinear system. In
what follows, we term this swstem a rotating stream-
line coordinate system, and x !_direction a streamline
direction.

The coordinate transformation is given by

x1

1 [
fa+x¥)cos(x? -uJS [l/URo)dxl ),

M

X

1 '
-(a+x¥)sin(x? —wfs (1/Ugg)dx? ), (1)
|

3 x! 1!
x fo (Ug/Upp)dx} ,

where Upp = ¢3920 (aw)2. Using the relations (1), we
can obtain the basic equations with respect to the ro-
tating streamline frame, following non-Cartesian ten-
sor analysis (5). Various geometric coefficients,
i.e., the transformation matrix elements, the metric
tensor, the Christoffel symbols and so on, are requir-
ed for the present purpose. The metric tensor gjj is
obtained as

J

8i; (1/2)2 -wl@+x)¥ugg 0
-wia+x")2/upg (a+x®)? o |, ()
0 0

where X = Upg/Up and Ug = /Uezo (rw)?2. Other quanti-
ties can be obtained after some algebra.

Let 27 be the angular velocity of the rotating
frame relative to the stationary frame. The present
study deals with the case of a steady rotation with
21 =03 = 0 and 23 = -w. From the conservation equa-
tion of mass and momentum of fluid with respect to a
non-inertial non-Cartesian frame (see, for example,
(5)), we obtain the following continuity equation and
Reynolds equation for incompressible fluid:

i

U '3 =0, (3)
i ijkk ot
vy ,J.oZe gk gufzu .
”"e 8 "‘i“l"n ™ = (1H - puly ) (4)
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Here we assume a steady turbulent flow. In these eq-
uations, the comma denotes the covariant differenixa-
tion, eljkand €Egjm are permutation tensors, and 2
the transformation matrix elements. The averaged
stress tensor Ti) is defined in incompressible fluid

by the constitutive equation,
™ = opgtleug'™, e gYut, ). (s)

Introducing all the geometric coefficients into
Eqs.(3) and (4), we can obtain, after some algebra,
the basic equations for a turbulent flow with respect
to the rotating streamline coordinate system. In what
follows, the contravariant physical components are
written with subscripts.

Using the physical components and assuming the
axisymmetry of the mean flow, the continuity equation
is

3,1 () =31 (Yo) A1 /Yo + 3 3Us +Us/ (2 +x*) = 0,  (6)
and the Reynolds equations become,

13,1 (AU2) +U3d, 3 (AUL) - 33 (o) (AU1) /o =

= [Yo23 1(Ti/y2) 23 3((0 +xHAT M/ (@ +xD) /2

- {023 1(u1 /¥?) + 38 3{(a +xHhunusl/ @y xy) ], (Taj

AU33 1U2 + Us3 3Uz + w(a + x*)3 1 (URg) (WU /Ug)? -

- 2wAUU3/URqg + UzUs/ (a + x3) + 2wl; =

= [w(a ’Xa)axx(URo)Alex/Uez *Yoaxx(sz/Y)-

- 2wAT;3/URg + 3 3{(«2 +x¥) 2Ty (@ + x¥)?) /0 -

- [w@+x*)3 uuRon w1 7/Ue? + Yo 1 (Tuz/Y) -
—Zululua/URo~ Bxgk(a +x)) 20w/ @« xH ), ("b3

AU13 U5 + Usd sUs = (@ + x*) {w(AU) - Upg)/Ugg -

'UZ/(a‘XS)}z = [-wz(a+x3)l2'r“/'.lngz»

*+ 2wATy2/URg * Y03, 1 (T13/Y) -Taa/(a+x?) +

+3 3{(a*x3)T33}/(a*X3)]/0'

- [ wia+x¥)r,? /URO*Zw)\u;u;/Ukoo

+ Y031 (urus/y) - uz2/(a+x3) +

¢3x3((a0x3)u;z}/(atx3)], ("¢
where 9yi = 3/3xi, y = Up/Ue and Yo = URg/Ue. The e-
volution of the constitutive equations with respect to
this coordinate system is straightforwards but consid-
erably tedious, and is not presented here.

Assuming, for the present, that the free stream

velocity Ue is constant, the equations for the thick
turbulent boundary layer read as follows:

3x1()\U;)*3x3{(a*x3)U3,‘/(a*X3) =0, (8

Aulax, (AUy) + U;axg()\Uﬂ = -Yozaxxp/ﬁ +
+3al@«x)nl/o@ex?), (9a)

AU3 12Uz + Usd 30z + UsUs/(a + x1) - 200, (WU, - Ugg)/
/Upo = -Yow(a 0x3)3x)P/oUe‘ [-2wh1y/URq +
+3,sl(@a+x)z}/ @ x*) /0, (9h)

(@ + x){w(AUy - URQ) /Upq - Ua/ (@ + x*)}? = 3 3P/i -

- {a+x*){whu; fUpg - uz/ (@ + x )17 «

+33{w~x)uf]ua‘x). (9¢)
1

Where 1, and T; are shear stress components in the x -
and x? -directions, respectively, defined by




Ty = Uaxa(lul)/i~ pujuy, (10a)

T2 = wlavx))3,3{Ua/ @+ x*)} - puzus. (10b)

Boundary conditions are

x: =0; Uy =U;=Uy=0, u =uz =uy=0, (lla)

X° +w Uy +Ug, Uz=0, u, uz, uy =0, (11b)
Note that U, is not assumed to be small in Eqs.(9a)-
(9c); these equations and Eq.(8) are general basic
equations for the turbulent boundary layer on a thin
cylinder spinning in a uniform axial flow.

It is noticed that the pressure gradient in x-
direction can be eliminated from Eqs.(9a) and (9b).
This pressure is produced due to the rotating bounda-
ry layer as expressed by Eq.(9c). Therefore it can be
interpreted that the effects of rotation through the
pressure gradient on U, and on U; cancel out each
other. Elimination of the pressure gradient from
Egs. (9a) and (9b) leads to

A3, 1 (AUL) + Usd 3(AU) - YoUe{AU13,1U2 *+Usd_3Uz +
+UaUs/(a+ x?)} + 2U5 (AUy - Upg)/ (a + x?) =
= [3,al@a+x)Nn /(@ x®)? -

- Upo?,3i(a =x*) 21} wia + x*) 3 /0. (12)

Universal Velocity Distribution Law

The components of mean velocity Uj (i = 1, 2, 3)
in this coordinate system are related to the axial,
peripheral and radial components, U, V and W, respec-
tively, in the stationary cylindrical coordinate sys-
tem as

Up = YU, Uz = V-rw(l-U/Ug), Us = W, (13a, b, ¢)

If Uz = 0, the generalized quasi-collateral relation-
ship (6) follows, that is,

1-U/Ue = (a/T)V/Vo. (14)

The previous experiments (6) have shown that this re-
lationship is nearly satisfied in the turbulent bound-
ary layer, and also the present experiment will con-
firm this relationship. It is reasc'a*le to assume
that U, is small, an assumption whi-} acsures the ad-
vantage of using the rotating streamline system.

Neglecting the terms including L. in Eq. (12} for
the first approximation, we obtain

MWz 10U +Usd s (0Uy) + 2U3(AUy - URg)/T =
= 3 srhmy)/er’, (18)

Here the Reynolds, stress -ouzu3 is thought to be zero
in this case because of the axisymmetric nature of
statistical quantities.
Near the wall, the inertia terms on the right-
hand side of Eq.(15) may be neglected:
g, a(rhy/erd =0, (16)
whence follows
r’H; = const. = .’13‘1’0), amn
where o1 is the x!
Substituting the Eq.(10a) into Eq.(17) and introducing
a new Jimensionless argument
2" = (Uiga/v)(r? - a?)/2re?, (18)
we obtain
8,4 OUL/U1g) - rri/a®)ous/Us? = 1, (19)

where Uj; = /T91/7. We may expect the solution of Eg.
(19) to be

. 2.9

-component of the wall shear stress.

&_4_ | | i | j l;\
U

A /Usq = F(zT). (20)

This is the law of the wall in this turbulent boundary
layer, and z* defined by Eq.(18) is the relavant wall
variable.

In the viscous sublayer, the Reynolds stress can
be neglected in Eq.(19), and the velocity distribution
becomes

MW /Uip = 2% = (Uyga/v) (r2 - a?)/2ret. (21)
Outside the viscous sublayer, the universal velocity
distribution may be deduced on the basis of Eq.(20)
using various more or less sophisticated methods simi-

lar to those in the case of two-dimensional flow.
This becoms

Ai/Usp = ArRog{(Uiga/v) (r? - a®)/2r?) + By, (22)
where A, and B, are empirical constants.
Inserting Eqs.(13a) into Eq.(22), we obtain the
logarithmic velocity distribution inthe axial direction:
U/Ur = AxRog{(Ura/v) (r? - 2%)/2r%] » By, (23)
where U; is the friction velocity in the x-direction,
and

Ax = Ay/(1+ %)%,
»
Bx = [Aifog(1+22)1 “«By]/(1«niyt/v

(24

In the same way, using Eq.(13b) with U; = 0, the peri-
pheral velocity distribution becomes,

{Vo - (a/TIV}/¥p = AyRog{(Vya/v) (r? - a?y/2r?] « By, (25)

where V; is the friction velocity in the y-direction,
and

Ay
By

"

Alnll 2/(1 ‘QZ)I/ b,

. et .. . 26
[AiRog{ (1 +22) 1 4/ 2w By )2 b 31 e iyt~

Equation (25) agrees completely with the expression in
the previous study (6).

EXPERIMENTAL APPARATUS AND PROCLDURES

The wind tunnel used is shown in Fig. 2. In or-
der to obtain a uniform oncoming flow to the rotating
cylinder, the boundary layver developing on the frent
supporting rod is sucked through the slit, and it goes
through the hollow rod to the blower. There is no
strut which disturbs the inlet flow. Hot-wires for
measurement are made of tungsten 5 um in diameter. A
special copper plating method was devised to mahe
parts of the prorgs, which were usually made of sewiny

-

Fig. C Schematic diagram of apparatus. 1, supporting

hollow rod; 2, filters; 3, gauce screens; 4, duct cas-

ing; 5, spinning cylinder; 6, fan; 7, reference probes;
8, suction blower
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Fig. 3 Two-dimensional Clauder's plots of the rel-
ative velocity distribution to the rotating cylinder
surface: O = o, x = 350 mm; @, 550; @, 750;

e, 850; e, 950

needles or similar.

Measurements were made using a V-type hot-wire
probe so designed that the plane including the two
wires is parallel to the surface of the cylinder wall,
and partly using a rotated hot-wire nrobe of I-type
especially in the near-wall region. n X-probe was
also used but not extensively. A three-hole cobra
probe was used jointly in the mean flow measurements.

Reynolds number based on the cylinder radius a
and the reference free stream velocity Um was kept
constant: Re = 3x10“, and the speed ratio {m = Vo/Um
was varied: 0, 0.5, 1 and 1.5, although the experi-
ments at these speed ratios did not cover all the
measuring stations.

RESULTS AXND DISCUSSION

The distribution of the velocity components U,
and Uz, and the polar diagram based on Eq. (14) were
plotted at g = 1 over the range from x = 25 mm to
950 mm. These results showed that U, was very small
in the turbulent boundary layer beyond the station of
x = 350 mm; the assumption of Uz = 0 for the first ap-
proximation made in the preceding sectionis acceptable.

Logarithmic Velocity Distribution

Lohmann (1) and Arzoumanian et al. (2) presented
their experimental data for the relative velocity em-
ploying a two-dimensional wall variable. Figure 3
shows the present results for the relative velocity
plotted on a two-dimensional Clauser's chart, where
Urelc is the relative velocity to the cylinder sur-
face. It is impossible to find a line which corre-
sponds to the experimental data, as is clearly seen
from Fig. 3. Bissonnette and Mellor (7) considered a
modification of the similarity law of the velocity
near the wall, but it does not seem successful.

We have derived the logarithmic law for the x!-
direction, Eq.(22), to take the place of the earlier
propositions. We must, first of all, determine the
values of A; and B,. The specially designed hot-wire
probe made it possible to measure the velocity pro-
files near the wall and then to deduce the wall shear
stress. Fortunately, the velocity near the wall with
rotation is so large that the influence of the wall on
a hot-wire signal is thought to be relatively small
and negligible.

Thus, we deduced the wall shear-stresses from the
velocity profiles measured near the wall with various
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Fig. 4 Law of the wall representation of the velocity
distribution in the x -dxrectlon based on Egs.(21)
and (22) with Egs.(27a, b): = 850 mm. o, Gy = 0.5;
o, e 1; e, 1.5
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Fig. 5 Velocity profiles in the x'- and x-directions
with respect to the rotating streamline frame: . = 1,
= 850 mm

speed ratio (p = 0.5, 1 and 1.5), but only at the sta-
tion of x = 850 mm. Using these wall shear-stresses,
the experimental results were plotted, on the basis of
the logarithmic law for the x'-direction. It implied
that the logarithmic portions of the velocity distribu-
tion collapse into one single line independent of the
speed ratio within the present experimental coundition.
The optimum line gave

Ay = 4.2, B, = 7.5. 2%a, b

In Fig. 4, the experimental results are replotted
according to the Eq.(22) with Eqs.(27a, b). The wall
shear-stresses used in these plots have been determined
by Clauser's chart based on these equations. The ve-
locity distribution very close to the wall measured by
means of I-probe at (n = 1 are also presented. The
figure shows that the logarithmic law (22) with the
constants deduced above and the sublayer expression
(21) describe very well the experimental results.

Fxgure 5, the velocity distributions in the x'-
and x -dlrectxons, is presented in illustration of the
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Fig. 6a Logarithmic velocity distribution in the
axial direction based on Eq.(22?) with Ax = 3.6 and
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Fig. 6b Logarithmic velocity distribution in the
peripheral direction based on Eq.(25) with Ay = 3.5
and By = 6.5: {4 =1. +, x = 350 mm; &, 550; %, 750;

®, 850; e, 950

correctness of the value of the wall shear-stress de-
termined in the way mentioned above. Attention is fo-
cussed on the profile very close to the wall, and the
profile near the wall is enlarged in the figure. The
gradient of the line in the figure corresponds to the
wall shear-stress in the x'-direction. The experimen-
tal points lie on the line showing the validity of the
present law of the wall, and the correctness of the
value of the U;; is confirmed.

We further examine the propriety of this loga-
rithmic law (22) and the universality of the velues of
A, and B;, using the experimental results at various
stations. Let us use the logarithmic velocity distri-
butions in the x- and y-directions, Eqs.(23) and (25)
respectively. The experimental results at various
stations with {ip = 1 are presented in Figs. 6a and 6b.
The wall shear-stresses were determined, in the same
way as mentioned above, on the basis of the logarith-
mic laws (23) and (25). Here the coefficients Ay and
Bx, and Ay and By are computed from Eqs.(24) and (26).
These values vary with the local speed ratio Q, but

were nearly constant in this experiment when {n = 1.

Figures 6a and 6b show that the logarithmic laws,
Eqs. (23), (25) and also (22), describe extremely well
the experimental results at various stations. Using
the wall shear-stress values estimated here, a momen-
tum-integral check was made comparing the two sides of
the momentum integral equations (6) in the x- and y-
directions. The two sides of each equation agreed ex-
cellently with each other, and the correctness of the
wall shear-stress values was confirmed.

Turbulence Structure

The authors reported details of the turbulent
field in the boundary layer on a rotating conical body
with its radius decreasing in the downstream (4). The
data were accumulated by use of various single wire ro-
tation. In the present experiment measurements were
performed with 1-, V- and X-probes in order to increase
accuracy. There are many points to be discussed about
the turbulent field, energy balance, Reynolds stress
balance and so on, but here we will be concerned with
the turbulent energy spectra.

In principle we may expect that the fluid dynamic-
ally meaningful turbulent structure will be reflected
in its power spectrum. Let u* and v* be the fluctuat-
ing velocity components in the directions of lccal mean
velocity U* in the stationary frame and perpendicular
to it, respectively. The power spectra $y+ and %+ are
presented in Figs. 7a and 7b, where they are normali:zed
by u*? and v*2, respectively, and the wave number k is
given by the relation k = 2nf/U*(r), where f is the
frequency. The spectra of u* near the wall exhibit a
mild but explicit hill or peak, and it disappears in
the outer layer. &y+ shows a similar hill near the
wall, but it still appears in the outer laver.

However, it should be considered as a particular fea-
ture of the transverse spectrum (see, for example, (8,1
In the inner layer the hill is superposed on this in-
herent trend of the ¢,« curve. Lohmann reported some
curves of ¢y« obtained by conventional I-probe (11,

and the result measured at z/¢& = 0.04 showed a very
slight but perceptible hill. However, he made no com-
ment about this phenomenon. In the present experiment,
the probe has come down to z/46 = 0.005 at = = 0.1 mm
much nearer the wall than reached by Lohmann's probe, and
then the hill became evident. In the cases of other
speed ratios, this slight peak was also seen.

There are various possible reasons for such a hill
appearing in the spectrum. The first type derives from
the characteristics of the apparatus used, and it may
be classified as (a) a wake produced by some still ob-
stacles in front of the rotating cylinder, and (b) ex-
centricity of the rotating cylinder or irregularity of
the cylinder surface. The second type originates in
the instricsic flow pattern of this boundary layver.

It mav be classified as (¢) the reminiscence of the
laminar-turbulent transition, which perhaps consists of
a T-S wave process mixed with the Taylor-Gortler insta-
bility (9), and (d) the strong excitation or production
of the velocity fluctuation in a certain spectral re-
gion in this turbulent boundary laver.

Although the value of the wave number at the hill
varies with the distance from the wall and with the
speed ratio, the frequency at the hill in thec spectra
of the inner layer is about 250 Hz and independent of
z and (. Both the cases (a) and (b) are denied by
the consideration of the nature of hot-wire signal pro-
duced by possible disturbances originating from (a)
and (b). We are compeled to think that the hill in the
spectrum originates in (c) or (d).

The wave length Ay of the large structure in the
axial direction can be evaluated as ‘y = AUe/U* = Ug/f =
40 mm using Ue = 10 m/s and f = 250 Hz, and it 1s in-
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Fig. 7 Power spectra of the fluctuating velocity components in the directions of mean

velocity and perpendicular to it: §Qp = 1.
e, 0.7; o, 2.5; e, 15.0; o, 35.0

dependent of Qp. If we assume the helical Taylor vor-
tex system as a simple model, it consists of six vor-
tices around the circumference at Qp = 1. Since the
actual flow is turbulent and has a continuous spec-
trum, it may not be correct to imagine such a regular
pattern, but we should expect a so-called eddy. It
may be said that there is a relatively strong eddy a-
round the hill of the present spectrum. Perhaps it
relates to some instability of this turbulent bounda-
ry layer which resembles the Gdrtler vertices in the
turbulent boundary layer envisaged at first by Tani
(lg). The eddy is most evident in the buffer layer as
seen from Figs. 7a and 7b, and it may regulate the
"burst.” The eddy structure could be elucidated by
space-time correlation measurements.

CONCLUDING REMARKS

Theoretical and experimental investigation were
conducted on the thick and skewed turbulent boundary
layer on a rotating thin cylinder in the uniform axial
flow. The following conclusions were obtained.

First, a non-inertial non-orthogonal curvilinear
coordinate system fitting the flow geometry is intro-
duced to depict the flow field. The boundary layer
equations deduced in this coordinate system suggest
the relevant non-dimensional distance from the wall as
(Uyga/v) (r® - a®)/2r?. The logarithmic law which must
hold in the x!-direction is Eq. (22). The logarithmic
law in the axial direction follows as Eq.(23), and the
assumption of generalized quasi-collaterality yields
Eq. (25) for the peripheral direction.

Secondly, the experimental results show clearly
the inadequacy of the two-dimensional logarithmic law
in the relative streamline direction. The proposed
logarithmic laws, Eqs.(22), (23) and (25) were con-
firmed by the experiments.

Thirdly, the power spectra of the fluctuating ve-
locity components were measured. In the inner layer,
they exhibited an obvious hill in the region of the
energy containing eddy. Discussion on the origin of
this hill suggested it derives from a particular large
eddy inherent in this boundary layer.

a, bye; b, dye. ©, z=0,1 mm;, o, 0.2;
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TURBULENT FIELD OF A BOUNDARY LAYER VERY CLOSE TO AN AXIALLY ROTATED CYLINDER
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ABSTRACT U,V,w Velocity components in S(x,v,z) system,ms-]

. . -1
A fully developed two-dimensional boundary e Local axial free stream velocity, ms

layer on a cylinder is submitted to a sudden trans- U U for X = -30 mm ms-]

versal distorsion by rotation of the downstream part e, e ’

of the wall. In these experiments the wall speed is -1

of the same order as the outer velocity. This paper v, Velocity of the wall, ms

deals with the experimental results concerning the

turbulent velocity field. In order to analyse the X Axial distance along rotating wall, m

evolution of three-dimensional effects, two measure-

ment stations have been explored. Emphasis has been x;y,z, Coordinates in fixed system S(see Fig. 1), m

placed on the very-close-to-the-wall regions up to y Distance from the wall, y*-yU:/v
the suhlayer. The influence of the rotation on the
standar,’ deviations of longitudinal and transverse Y Angle defined in Fig. 5, degree

velocits fluctuations and their correlations has
been examined. In these regions, u'v' and w'v' Rey-
nolds stresses can be attained only by integrating )
the statistical momentum equations. Actually, it
will be shown that interpretation of most of these
results must be done by considering a relative coor-

Local boundary layer thickness « t,m

Boundary layer thickness for X=-30 mm
(u-.99Ue).m

dinate system spinning with the cylinder. In parti- Yo Angle defined on Fig. 5:.degree
cular, comparison can be made between the results . :
obtained :?th rotation, and considered in these axes, (), () Fluctuation and mean value of ()
and those obtained with no rotation. () Quantities in relative system S(x,v)
(see Fig. 5) T
, NOMENCLATURE
a Cylinder fldiul. o INTRODUCTION
1 Mein velocity vector, q (u,v),ms : Measurements in three~dimensional boundary laver
- . - 2..2.1/2 -1 are still rare and fails to establish turbulence models
9, Free stream velocity, q =(U+W)) "“,m for the computation of boundary layer flows. The main
purpose of the present investigation is to provide
9 Relative mean velocity vector (see Fig. 5), such experimental tools in the case of an axially ro-
T ms—! tated cylinder with special emphasis in the region
lati fici £y ' very close to the moving wall. This body has a forwrd
R‘ Correlstion coefficient of u' and v stationary part along‘vhich a two-dimensional boun-
Y Friction velocity defined by U:-U:qe/ue' dary layer is developing. .
-1 - In a first set of experimints, presented in the
os previous Turbulent shear flows symposium (1), the
14 Friction velocity with no rotation.mu-’ mean velocity field had been explored in a region




sufficiently far away the origin of the spinning
part. In that region the reorganization of the three-
dimensional boundary layer into a two-dimensional
one - in a relative coordinate system - is in an
advanced phase. The present paper is entended to give
last experimental results which concern the turbulent
field. Moreover, in order to determine the evolution
of the rotation effect, measurements have been car-
ried out nearer the origin where the three-
dimensionality is stronger. In particular, it is
pointed out that, when measurements results related
to the moving wall are analysed in the same co-
ordinates system as in the stationary case, their
interpretations can be very misleading.

EXPERIMENTAL CONDITIONS AND PROCEDURES

A detailed description of the model and the
wind tunnel has been already given (1), (2).

STATIONARY PART

P B}

oo ROTATING PART ¢ 2YAYIMY )

1000 - 705

: Schematic arrangement of apparatus
(dimensions in mm). R : roughnesses,
S : stripe, SC : scores.

Fig. |

The scheme (Fig. 1) recalls geometrical confi-
gurations to mind. The aerodynamical conditions are
summarized hereafter :

- for x/s; = - 1.3, just upstream the rotating part :

U o= 12.38 ms !, &'= 22.5 mm (& _= 28 mm),
Eo [+ [+

Ry = U_& /v= 23 000, U*= .47 ms™!
o e o o .

- at the measurement station X/é;-S.S :
U= 12.40 ms ', &= 29 mm (§'= 24 mm)
- at the measurement station X/6;- 28 :

U= 12.42 ms!, 5= 34 mm (&'= 28,3 m).

The stream static pressure gradient is weak,
the Clauser parameter (!) being small : .026.

The peripheral wall speed is W = 10.8 ms~!
ie. W /u = .88. °

o e,

The measurement stations have been selected
from the longitudinal evolution (Fig. 2) of the de-
viation y of the relative velocity vector q_ defined
on Fig., 5, This angle y characterizes the iffect of
three-dimensionality. All along the x direction, two
laws can be pointed out for the variation of the

"= -

*
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MEASUREMENT
STATIONS
10
5 1t 111 1 L 141
10 102 Xmm 103
Fig. 2 : Longitudinal variation of the maximum of the

Y angle.

maximum y angle (Fig. 2). These results are deduced
from u and w velocity profiles (1,2).

Concerning the instrumentation, various types
of difficulties have been got over, in particular,
for the investigation of very-close-to-the-wall region
(y* > 2). Measurement procedure of the modulus and
the direction of mean velocity vectors have been pre-
viously reported (1), (2). While the wall effects
plays an important role in the stationary wall case
(for y < | mm), no correction seems to be necessary
in the rotating wall case in the aforecited experi-
mental conditions. This is owing to the relatively
high velocities which prevail in these regions.

Turbulent quantities need more elaborate tech-
niques. A data acquisition system and a digital treat-
ment have been used in comnection with a single
straight rotating hot wire. A three equation system
correspondinngo the different positions of the wire
yields u'2, w'2,u'w'. Thermal drifts, calibrations
and experimental conditions variations are numeri-
cally taken into account. Moreover the hot wire is
sensitive to the tangential component of the velocity
vector and this influence is not negligible for the
incidences of the wire presently adopted (#=140°).
The contribution of this component has been taken
into account for measurements corresponding to
X/4'= 5.5,

° In the contrast,direct measurements of the
tangential turbulent stresses u'v' and w'v' are no
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Fig. 3 : Standard deviations of longitudinal
and transverse velocity components
(no rotation).

more possible in the sublayer and the buffer layer
owing to the dimensions of the probe. Therefore these
terms have been computed by integrating the corres-
ponding momentum equations from mean velocity measu-
rements(1).

EXPERIMENTAL RESULTS AND INTERPRETATIONS
No Rotation Case

Fig. 3 and 4 give results related to longitu-
dinal and transversal standard deviations at the two
measurements stations. Far away the wall (y/6>.03,
fig. 3) results have a similar behavior as these ob-
tained in the boundary layer of a flate plate by
Klebanoff (3). Very rlose to the wall (y*<30, Fig. 4),
the variation of (u'-)! 2/U‘ are in agreement with
Klebanoff (3) and Laufer (41_gefsgrements At the
contrary . it appears that (w' 14/0* yields
values noticely higher than those of Laufer (4) and
Sirkar (5). This could be due to the differences of

m
US o

i
s

o) X/60—5.51
[ ] X/go-za
0 1 1 S
10 20 30 g+

Fig. 4 : Standard deviations of longitudinal and
transverse velocity components close to
the wall (no rotation). K:(3), L :(4),

S : (5).

2.1

0 /U 1
Fig. 5 : Definitions of velocities and angles
in the hodograph plane.

the wall geometry. -

As concerns the correlation u'w' the values
obtained (Fig. 7, 9, 10, 11) even near the wall are
practically null as one might expect.

Definitions

Fig. 5 shows, in the hodograph plane, the defi-
nitions of different quantities which will be used
hereafter. In this representat1on (/U , (W =w) /)
the transverse velocity is null at the wall and Sut~
ward the boundary layer, the velocity vector direc-
tion is defined by the wo angle. In the case of an

A j T
O.GWo =0

Fig. 6 : Standard deviations of longitudinal and

transverse velocity components for X/" 28,

0,0 ‘)”‘/vd C.oH
/e

- = « /2
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: Correlations and correlation coefficients
of longitudinal and transverse velocity
components farX/fé* 28

(a) : 8,0 [(-u'w')/UZ]

- cmm ¢am [(_T)/qi]
(b) : @0 R, == * == R

infinitely long cylinder, q, would be colinear to
that direction, the flow would become colateral and
would be considered as two-dimensional in the (x,2)
coordinates system S . So, in the same way that y
(with tg v. w/i) characterises, for the mean flow,
the level of the three-dimensionality, it would be
necessary to consider the turbulent quantities in
the S system. In the case of an infinite rotating
cyllnder, we would have w = 0 and on the other hand
n/q and turbulent quantities similar to the values
obtaxned, at the same distance X, on a stationary
cylinder, not with an outer velocity Uy but with an
outer velocity q,- The component (u, w) of the velo-
city vector q_ in § system are deduced from (u,W ~w)
by a rotatiofiof an angle Yo (Fig. 5). For instahce :

' =t de) - v /g

w'e - ut(W /q) - W' (U /q)

The influence of the rotation on the turbulent
quantities and the three-dimensional effects which
are induced are pointed out by comparing respectively

) T T
\ 0,0 Wp=0
.,fh:.BB -'>-1
U!o

0

Fig. 8 :

(377)1/2&e , (@'2

by
v'v'/ae,

T /112
u'w /Ue

50

S 1 v/

Standard deviation of longitudinal and
tranverse velocity components for X/£.=5.5
See caption Fig. 6 (- - - Klebanoff(3))
1 2 5 —_—
la, , w'w'/ad, TV /e,

=z 1/2 =2 1/2 0
(at W_$0) to @ /Ug » ') /c,

, u'v'/Ui , w'v'/Ui. Close to the wall,

40
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Fig. 9 :

2 Y3

Correl ations and correlation coefficients
of longitudinal and transverse velocity
‘cgmponents for Xlaé = 5.5

See caption Fig. 7 (- - X/éé = 28)




the normalization is made with U: and U: respectively

Results far from the wall

At X/6'= 28, sufficiently far from the origin SR
. [ . . -

b of the sylugnmg part,ltge influence of the rotation

: on (u'2)'/2 and (W 2)'/° seems important in the abso-

lute reference system (F_vi_g.]6 . Actually, when S

system is considered, (u'‘) / /q, and (‘4—'2)]/2/qe

values are coincident practically with

(u2) /Ue and (w'2) /Ue respectively, with no e s o e o
F rotation . Of course, this interpretation is to be
s‘ . made only in the region_bounded to the influence zone
, of the rotation (where w # 0). In the contrast, the
A correlation u'w' and the coefficient correlation R

3 seems more modified (Fig. 7) than standard devia-
e tions. It can be also noticed that R presents, in
;. the wall region, a constant value of about -,3.
.7. Furthermore this value is approximately of the same ———— W0 =0
i order as those obtained from a theoritical law (6)
which gives R=~- 0.2. However this law is not valid
in the low Reynolds number region very-close-to-the-
wall where measurements reveal an increase of R.

— — D— - .88

é} . - T G - S
& 0 20 40 60 ye
Fig. Il : Reynolds stresses close to the wall
X/ = 2
2 ( /o 8) ) i
— , tr e (CUVI/URE — e =N
5 0 o

- —('El'\_:")/?;; y ., e (‘:'Yl)/}‘0>

At X/&' = 5.5, in the absolute coordinates
system, the effect of the rotation on (u'-)"/° seems
practically negligible even in the region where w #0.

_] This would suggest that the longitudinal velocity
Vi fluctuations have a strong memory. In the § system
," o 0.9 W =0 the trend to the two-dimensionality is then in defect.
b f .,‘,’M:,SB Concerning the correlations, their high level obtai-
/] Ue ned in absolute axes, for .03 < y/f < .2, are mis-
3 ot 0 leading as it is shown on Fig. 9, in the § representa~

tion. It can be noticed, at this station, the corre-
lation coefficient has no more a constant value arout
-_YO the theoretical value of -.2 as for X/f = I8&.

Results close-to-the-wall

In these regions, the parameter correspondin
0 e X et A o b b e (g | gions, P P £

Jo¥e e to U; (with no rotation) in the § system must be
C 10 20 30 y+

Fig. 10 : Standard deviations and correlations of
longitudinal and transverse velocity
components close to the wall (X/6(',-28)

l_‘;-l}g qe/Ue which is linked to the skin friction of

a boundary layer in which the outer velocity would be
q_ and the wall conditions W,=0. Indeed, the skin
friction coefficient is irrelevant inasmuch as it is

1/2 1,2
0,0 () /U: ; ¢, 0@/ /U; H practically independent of the velocity when this
J— 2 142 one varies from U, to q_.
PP (TN - - () / g At X/8' =28 Fig.®10 shows for the longitudinal

—.1/2 —_— velocity fluctuations a similar behaviour as farther
- - (v') /1}; : —'-‘—(-g'\j')/gf; from the wall (Fig. 6) : in the § system, one finds

K (3), L (&) again the values corresponding to W =0, what shows
= - that for this component all is so tfat the boundary
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Fig. 12 : Standard deviations and correlations of
longitudinal and transverse velocity
components close to the wall (X/%' = 5.5)
See caption Fig. 10. °

layer would be entirely reorganized into a two-
dimensional structure., The slight three-dimensional
effects observed at this station, and in this region
of the boundary layer, appear partly through the
transverse velocity component. The correlations

uw /% and ngT/E ? are very similar. Besides, in
the same order of idea, it is found (Fig. 11) that
w'v' is practically null. The three dimensionality
seems to be revealed principaly through u'v' , as it
is displayed, as an example, on Fig. 1.

At X/5' = 5.5, Fig. 12 points out that the
standard deviations of longitudinal and transverse
velocity and the correlation of corresponding fluc-
tuations have a similar behaviour as at the previous
stations. This result would showthat, even at this
small longitudinal distance of the origin of the
spinning part, the three-dimensional effect would be

weak close to the wall. This would be consistent
with the collaterality of the flow, in these wall
regions, and with the existence of an inflexion point
in the hodograph (1, 2, 7).

CONCLUSION

The turbulent field of a complex wall flow has
been investigated. The experiments are carried out in
the boundary layer of an axially rotating cylinder up
to the inner part of the sublayer. The interpretation
of results must be made in a relative coordinates
system linked to the moving cylinder with an x-axes
corresponding to the outer relative velocity. Far
from the origin (X/§' = 28)of the spinning part, the
turbulent quantitiesoare very slighty influenced by
the three-dimensional effects, except the Reynolds
stress u'v'. A similar result is obtained nearer
(X/8' = 28)in the very-close-to~the~wall region. This
suggésts that,in this region, the flow has a behaviour
of a two-dimensional boundary layer, what is consis-
tent with the collaterality of the mean flow the direc-
tion of which has been found aligned with the exter-
nal relative velocity. In the contrast, at this sta-
tion (X/&' - 5.5), the three-dimensional effects are
well marked far from the wall. So, the zone where the
flow is collateral, 1s developed from the wall. This
occurs from X-distance relatively small (X/&' = 5).
Actually, the strong three-dimensional effecPs snread
from the wall to the whole boundary layer in the very
initial zone of the spinning part of the cylinder.
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ABSTRACT

This paper deals with a numerical study of tur-
bulent corner flow. The basic equations are the
streamwise momentum equation, the streamwise component
of the vorticity equation and two equations of
Poisson’s type for the secondary velocities. The va~
rious kinds of secondary flows are discussed. In the
case of a straight corner with a uniform external ve-
locity, the modelling of the Reynolds stresses is
crucial to predict correctly the development of second
kind secondary flows. The boundary conditions imposed
to secondary veloci' leés are also discussed. First
results relatir r> corner flow with positive pressure
gradient are presented. In a general manner, the
overall agreement with experiments seems to be good,
but the extent of the vortices is underestimated.

NOMENCLATURE

cf skin friction coefficient
H shape parameter

k turbulence kinetic energy
o] static pressure

e’ pressure fluctuation

T, vV, W mean velocity components

— ey —

g ; Y :
u\!', AW, v wr Reynolds shear stress components

RIS normal Reynolds stress components
%, Yo Z Cartesian coordinates
H boundary layer thickness
€ isotropic dissipation rate
“ viscosity
| kinematic viscosity
't eddy viscosity
rd

e fluid density

W, Wy, w vorticity components

Subscript

< two-dimensional quantity (y or z — =)
INTRODUCTION

Developing tur ulent flow along an unbounded,
streamwise corner represents a usual example of com-
plex three-dimensional flow and has some practical
importance. The main feature of such a flow is the
presence of mean transversal vortex-like meticn (secon-
dary flow ), which alters the primary flow in the cor-
ner region. This pattern provides a good tool for
examining the validity of turbulence models. Indeed,
the main objective of this paper is to evaluate the
importance of the closure problem for calculating the
secondary flow.

Experimental studies of incompressitle corner
flow had been done by several authors, for zero pres-
sure gradient (Mojola and Young / 1 /, Bragg / 2 /)
and non zero pressure gradient (Mojola and Young /1 ',
Toan / 3 /). Another problem close to the corner flow
problem is the duct flow proble~ for which experiren-
tal data are available (Gessner et al. / & 7, Melling
and Whitelaw / 5 /).In the latter case, the axial ve-
locity must be calculated step by step by ensuring
the total mass conservation ; on the contrarv, the
external velocity distribution is a datum for the cor-
ner flow problem. Moreover, the boundary conditions
are less obvious for the corner flow thar for the duct
one, where the geometry imposes simple svmmetry condi-
tions. This problem will be discussed later on in this
paper.

GEOMETRY AND EQUATIONS

The considered geometry and the governing equa-
tions are given in Figure 1. The cormer is formed dv
two semi~-infinite planes intersectimg at right angle ;
the {ntersection line is parallel to the external
velocity Ue.

This work was sponsored by the Société Technique des Programmes Aeronautiques under Grant STPA n° 80.95.004
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The equations to be solved are the following
ones :

u vl *WEH_-‘L‘}E
=T

=T .y
? BU 3 [y _Tw
+ ";— (V 24 )*3%(“ T ww ) m
dIw dw 1Y
U‘ax*v'ﬁa_*w 5.=‘w‘a=c
W w3 Ly . Tw )
’3 + %'ﬁa —:i X%
(-_rt '\0"‘) (3" 3 ) \;f‘\‘;‘; )
} 'a x” 316
1‘:’. 3 Y )
3‘5 TIR T I 7wy
3V _ _w _ A )

‘i\al Tst = 3% 3:55
with : W = aw 3\/

3'3 %’
W,z U _ W 3V W (5
33, ¥ 3° 3% 3y

These equations are:the streamwise momentum
equation, the equation for the streamwise component
of the vorticity, and two Poisson's equations for the
secondary velocities V and W. Equations (3) and (4)
are deduced from the continuity equation and from
the definition of .~ (equation 5). The x-diffusion
terms and the first derivatives of the Reynolds
stresses in the streamwise direction are neglected ;

%Q and 2g-are assumed to bte the preponderant deriva-
%

tives of the mean velocity ; in the x-momentum equa-
tion (1), the pressure P is supposed to be a given
function of x.

This set of assumptions, which constitutes an
extension of the usual boundary layer hypothesis,
leads to a parabolizecd system in the x direction. For
solving the elliptic equations for V and W in each
(y, z) plane, a double-sweep procedure is used / 6 /.

The equation fort® contains terms of particular
importance : the first term of the right-~hand side
describes the "vortex stretching” ; the two follo-
wing terme describe the production of "Prandtl's
first kind secondary flows" by skewing of the mean
shear ; these terms are very small in the present
study.The last two terms of the right-hand side
appear only in turbulent flow, they are responsible
for maintaining "Prandtl's second kind secondary
flows". The experimental results given in Figure 2
(/1/, /2 /) show examples of such secondary flows
as they appear in an unbounded corner. These secon-
dary flows consist of two ''vortices', the presence of
which is shown by a distorsion , towards the corner,
of streamwise longitudinal velocity contours. So an
accurate description of the anisotropy of turbulence
is necessary to reproduce the vortex-like pattern
observed in experiments.

CLOSURE RELATIONSHIPS

Two turbulence models (TM1 and TM2) have been
tegted.
™1 model

This model constitutes an extension of
Boussinesq's assumption :

PO T v, | 3V 'BU‘.) (6)
Ty T 3 61& t( x; .

5§14 1s the Kronecker's symbol, . the turbulence

kinetic energy (k = %: u'”) and ~'¢the eddy viscosity.

Y& is expressed by a classic mixing length relation-
ship :

ve - PO (L (@) e

£ - ooss tf-..(O-“ £), d=Minly3)

8« represents the "two-dimensional” boundary
layer thickness when y (or z) goes to infinity. F s
a damping function for the near-wall regions ; its
form constitutes an extension of Van Driest's formula:

Fat. "‘1‘(«;?3 ¢)) e e ]2 ) %)

-u..\-\”- Ve (IR
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TM2 model

It should_be Eossible to solve the transport
equat fons for.
3U\. AL - AL 'aU. )

AL LW
U&.___j (u. u. Iﬂ « R 3!&)

Convection Production

-ERIGR) - T8 @

Dissipation Redistribution

T &,Tmu* s i )]

D-FFusnon

To simplify the numerical work, it is interesting

to neglect the convection and diffusion terms ; it is
u 3“ é_ fis ¢

also assumed_that 2v (—zfc) (=t =<5 ) = T (e

with € = v (%".:_s;) ; the modelling of the redistri-

butior terms proposed by Launder-Recce-Rodi / 7 / is
adopted ; if the derivatives of the mean velocity
other than .a_u and %’% are neglected, the Reynolds
stress componénts are expressed by analytical formu-
lae. In particular, we have :

b o (bC-M &k T 3u T2y
L't 4 __1?‘-‘__ ( alv ol '5%)
! 4C3-1) L dway
ww' = Ci( 2 k( w.,r%) (9
= v,

t Té with Y, =_(_‘1 —6(:-12(3.02.) gi
Cq

3¢, 3
%

This procedure, proposed by Launder / & / has
been used by Gessner et al. / 9/, / 10 / for calcu-
lating turbulent flows in ducts.

Two constants, C1 and Cz. appear in the model.

let us se{_Ez = 0.25.

Then - ° T« 0, and the turbulen:
production terms in equation (2) are equal to zero.
This weans that no second kind secondary flow can be

generated.
The eddy viscosity has been calculated, by

using the same mixing leniEh formula as in TMl,
instead of solving the k-t gquations. The




R

dissipation rate £ is obtained from the simplified
-equation {convection and diffusion neglected) :

& = -~ v’ - ‘l-'w'-l\—j-
%

?t k‘
and the turbulent kinetic energy from ¥ - Ce -E

INITIAL AND BOUNDARY CONDITIONS

For estimating the U, V, W and w fields in the
initial (y,z) plane, we extend Carrier's formulation
/ 11 /, initially used for the laminar corner flow
problem. With the dimensionless quantities gg 9 /S
and "-S. -.a/é. , the mean velocities are expressed
by :

U=Uc-iz—

?553% X ?
dd (= 2
Ve Ve 2 (%55 - 5%)

)

>
= >
)

These relations allow the continuity equation to
be satisfied. Moreover, the function o, 1is given by :

3= 4@ ) e §@- [L0

where represents the classic two-dimensional boun~
dary layer profile, and d'é/d,,‘ is estimated by :
dd _  0.304

= C Ret

(" is calculated from its definition. It can be poin=~
ted out that the two vortices responsible for the
secondary flow are not included in the initial condi-
tions.

The calculation grid is shown in Figure 3. The
equations are solved in the (Y, Z) coordinates defi-
ned by : 2 2
Y=2" -y and Z = 2y2z

The boundary conditions are :

. along boundary 1 :U=Ve=Vv=90
U 3V W

. along boundary 2 : 22 = -3—5 =z = =0
. along boundary 3 : :a,aru = %l& =} W _ o

. along boundary &4 : U = Ue ; V=V (A) ;WeW (B)
The boundary conditions for W are obtained by

using the derivatives ‘%\_l and 3_\“_/_ , calculated at
d
the upstream station. ? K]

NUMERICAL RESULTS OBT INED WITH TM1

Figure 4 shows the results obtained at Ax
= 0.4 mand DX = 0.9 m, with a constant external
velocity (Ue = 22 m/s) ; DX {s the distance measu-
red from the initial station. The turbulent produc-
tion terms are small, and the iso-velocity lines
remain close to the initial distribution. This
turbulence model is unable to reproduce the secon-
dary flow, as it 1is observed in the experiments.

N.MERICAL RESULTS OBTAINED WITH TM2
Influence of C2

Four values of C2 have been tested : 0.20,0.25,

0.30 and 0.40. An example of initial digtributions

of - - 1is shown in Figure 5, for C2 = 0,20

and 0.30. These distributions are practically opposite
because the quantity 4 C2 - 1, which appears in equa-

tion (9),changes sign, and k does not depend very much
on C2. With C2 = 0,40, the magnitude of 1;'{.v:’z
becomes three times greater than the one obtained with
C2 = 0.30, Let us recall that C2
Similar observations can be made for the other turbu-
lent production term, ww'.

The results obtained at 8% = 0.9 n for (_‘2-0.20,

0.25 and 0.30 are plotted in Figures 6 to 8. The ex~
ternal velocity is still equal to 22 w/s. These
Figures give the streamwise iso-velocity contours,
the secondary velocities (indicated by arrows) and
the iso-wlines.

For CZ = 0,20, below the bisector, a clock-wise

= 0.25 gives vh Wt

rotating secondary flow associated with positive
values of W is observed (Fig. 6). Along the bisector,
V and W are positive, inducing an outward bulging of
the streamwise velocity contours. These results are
completely at variance with the experimental results.
Therefore, this value of C2 is not acceptable.

For C2 = 0.25 (Figure 7), no second kind seconda~
ry flow can be generated. As with the TM] model, the
numerical results do not change very much from the
initial conditions.

Better results are obtained for C2 = 0.30

(Figure 8). The secondary flow rotates as expected,
and the iso-velocity lines begin to be distcrled near

the bisector. The tendency is the same for C2 = 0.40,

but the intensity of the streamwise vortices grows
downstream without bound. On the contrary, the calcu-
lation remains stable with C2 = 0.30, and this value

will be used in the following calculations.

Comparison with the experiments of Mojola and ‘cung
Figure 9 allows comparison between prediction
and experimental data of Mojola and Young / 1 7. The
external velocity is constant and equal to 30 =’s.
The calculation starts at x = 0.15 m (distance frox=
the leading edge of the plates), and the comparisen
is made at x < 1.09]1 m. The overall pattern of the
experimental contours is correct, but the calculation
underestimates the extent of the distorted region :
see in particular the iso-velocity line !'/Ue = 0.70.
This observation becomes clearer by comparing the
experimental and calculated secondary flow patterns
(Figure 10). Another observation is that, outside
the vortex region, the experimental secondary flow
becomes practically parallel to the y-axis, whereas
the calculated secondary flow is parallel tc the
bisector. This problem will be discussed later.

IMPROVEMENTS OF THE MODEL

Modification of the mixing length formula

In order to investigate the effects of the alge-
braic form given to the mixing length, the expression
of d given by equation (7) has been modified. The
new expression is deduced from Buleev's fcrmulation:
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In the case of the corner flow, ¢F = 3/,
and d takes the following form :

d- 1t __2%
L (%“b‘)%’%’%

Note that, when z/y (respectively y/z) goes to
infinity, d is equal to y (respectively 2z), which
corresponds to the classic two-dimensional mixing
length formulation.

The advantage of this expression is to give a
smooth evolution of the mixing length near the cor-
ner bisector. In fact, the numerical results are
almost similar. The secondary velocities are a bit
smaller, but the distorsion of the longitudinal
velocity lines remains practically unchanged.

Modification of the boundary conditions
The problem is to reproduce the experimental

pattern of the secondary flow outside the vortex re-

gion. For this, the condition 33_V = U imposed along

boundary 3 1is replaced by V = 0, and the condition
% = 0 imposed along boundary 4 is replaced vy

W= 0,

Figure 11 shows the calculated secondary flows
obtained at &% = 0.9 m with the old and the new
boundary conditions. The latter leads to a better
qualitative agreement with experiments, without im-
portant changes in the iso-velocity contours.

FIRST CALCULATIONS WITE POSITIVE PRESSURE GRADIENT

Mojola and Young have performed measurements in
a corner flow with positive pressure gradient / 1 /.
Figure 12 shows the external velocity distributions
and the evolution of the shape parameter, and of the
skin friction coefficient far from the corner. It can
be seen that at the last station (x = 1.245 m), the
two-dimensional boundary layer is near separa“ion.

Figure 13 compares experimental and calculated
evolutions of Tp/ TRe with the lateral distance,
for different x-stations. At x = 1.19 m, both experi-
ments and calculations indicate a separation near the
corner itself, the two-dimensional regions far from
the corner being not separated. At x = 1,245 m, the
separated region is extended (the accuracy of the
calculation is certainly poor, due to the parabolized
treatment of the equation). It appears also that the
regicn where vortices are present is characterized by
a kink in the Y/ Upee curves ; as in the zero pres-
sure gradient case, the extent of this region is
underestimated by the calculations.

CONCLUSIONS

An accurate description of the anisotropy of
turbulence is needed to reproduce the vortex-1like
pattern of the secondary flow observed in experiment.
Yowever, when lateral curvature is involved, a refi-
ned turbulence modelling could be less important ;
in this case, indeed, the first kind secondary flows
are likely to be larger than the second kind ones
(Johnston, in Bradshaw / 12 /).

When positive pressure gradients are present,
separation appears at first near the corner itgelf ;
other calculations are necessary to study the
influence of the turbulence modelling on the separa-
tion location.

In a general manner, the extent of the secondary
flow region remaing too small when compared with
experiments. Possibly, this problem is related to the
very simple mixing length formula used in calcula-

tions ; improvements could be obtained by solving
transport equations for k and £ , especially in the
cases where lontitudinal pressure gradients are
important.
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ABSTRACT

The formulation of a pressure-strain model for
90-degree corner flows based cn the method of images
is described. Experimental results are analyzed in
order to compare the model with the superposition
model proposed by Reece. On the basis of these com-
parisons, some preliminary conclusions are drawn
about the relative merits of each model.

NOMENCLATURE

duct half height

duct half width

primary coefficients

L wall correction coefficients
corner correction coefficients
correction coefficients (final)
empirical coefficients
turbulence kinetic energy

.lp length scales

normal coordi: ate

fluctuating static pressure
turb. kinetic energy prod. rate

YO B SAETODODONOTR
v e e e
-~
Lo

r,r.,r .r. separation distances (Fi§. 1)

R turb. Reynolds no. (RTzk</(.c))
Rep, bulk Reynolds no. (Repz2alp/v)
U,Vv,w fluctuating velocity components in
—_— the x, y, and 2z directions, respt.
U ,V- W Reynolds normal stress components
-0V, -uW, -0 Reynolds shear stress components
t mean velocity component in x dir.
Uy bulk velocity —_

- friction velocity (U, 3 v1,/0)
Vv,V integration volumes

X,V,2Z cartesian coordinates (Fig. 1)

reference positions (Fig. 1)
' corner angle (Fig. 1)
ey Ty primary coefficients

S wall correction coefficients
; dissipation rate
s empirical coefficients

kinematic viscosity

: prod. rate/dissipation rate (£:P/¢)
N density
‘w wall shear stress

Subscripts

s plane homogeneous shear flow
chb corner bisector
wb wall bisector

INTRODUCTION

This paper presents a near-wall pressure-strain
model for turbulent corner flows which is an extended
form of the model proposed by Launder, Reece, and Rodi
(1975) for two~dimensional wall flows. Rather than
superimposing effects near the bounding walls of a
corner to model pressure-strain behavior in the corner
layer, as suggested by Reece (1977), a more rigorous
development is pursued which is based on the method of
images. More specifically, the volume and surface in-
tegrals which model the pressure-strain correlation
are replaced by a volume integral which includes image
point distances in the integrand. The integral formis
an extended version of the form originally proposed by
Irwin (1974) for two-dimensional boundary laver flows.
Implicit in both formulations is the assumption~ that
the normal derivative of the fluctuating static pres-
sure along a bounding wall is negligibly small, which
is a reasonable approximation on the basis of argu-~
ments presented by Kraichnan (1956) and Irwir (1974).

In terms of modelling this effect, the conditien
that “p/sn be identically zero at all points along thc
bounding walls of a 90-degree corner can be satisfied
by the image point pattern shown in Fig. la. 1If a
pressure fluctuation is interpreted as originating
from a source at (y',z'), than a source of equal
strength must be located at the image point (-v',z')
to satisfy the condition that 3p/-n be zero on the
wall y=0 at points distant from the corner. By simi-
lar reasoning, a source must also be located at the
image point (y',-z') to ensure that -p/ n will be zero
on the wall z=C when y is large. In the near vicinity
of the corner, however, sources located onlvy at
(y',-z) and (v',-2') will cause :p/'n to be non-zero
along each bounding wall. This situation can be cor-
rected by considering a source to be present at a
third image point, (-y',-z'), located as shown in Fig.
la. Under these conditions »p/>n will be identically
zero at all points along each wall, regariless of cor-
ner proximity.

The above arguments can be extended to other cor-
ner flow sjituations when the included angle between
intersecting walls (u) is different from 90 degrees.
When a=60 degrees, for example, five image points are
required (Fig. 1lb), and the number of image points in-
creases to seven when a=45 degrees (Fig. 1c¢). 1n more
general terms, if the imaged point in the flow is in-
cluded (v',z'), the total number of points (N) which
influence the pressure-strain correlation at the point
of interest (y,,z;) must be such that Nu=2- (1 in
radians) where N is an even integer. This relation-
ship implies that pressure-strain effects can be mod-
elled conveniently only in certain corner flows, for
unless 2-/1 is an even integer, the normal derivative
boundarv condition cannot be satisfied exactly, re-
gardless of the number of image points used.
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Fig. 1 Typical image point locations for various
corner configurations

THEORETICAL CONSIDERATIONS

Model Formulation

In order to develop a working relationship for
the pressure-strain correlation which applies for
90-degree corner flows, the influence of fictitious
fluctuations at the three image point locations shown
in Fig. la must be taken into account. If these
effects are superimposed (cf. Eppich 1981), then

roy aU, r2u v
-t 2—2[—“" Tav

(1 J [3 u, um] fazueu ]
A”Jereff L axlaxm) [Bxlaxm ax axzj 4w

v tg

where 1/roee=l/r+1l/xi+1l/rp+1/r3. 1f eq. (1) is multi-
plied by (duj/3xj+35uj/3x3) and time averaged, then
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with similar expressions applying for $ifrwn and

tijsy:- The first contribution to the volume integral
for ¢33 will be modelled by means of Rotta's hypothe-
sis (1951) and, following Launder, Reece, and Rodi
(1975), the second contribution will be modelled as
the product of the mean-rate-of-strain tensor and a
fourth-order tensor subject to certain kinematic con-
straints imposed by assumed local homogeneity of the
turbulent field. Accordingly, we let:
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In view of the similarity between eqs. (3) and (4),
the effect of the first image point (r;) will be mod-
elled by letting

3u =
.|, £ 22 £ e 3
(04505 40w, [°1 B! k[uiuj 3 6ijk] + axm[blj”’ci‘ T

where bllli is a fourth order temsor subject to the same
kinematit constraints as a?d, and (r/r;) is the inte-
grated volume average of r/Tr| over a sphere of radius
£ where £ is a length scale indicative of the size of
the energy containing eddies. An explicit form for
(r7r)) can be developed by restricting the distance {
to be less than or equal to the distance between the
wall and the point of interest. In accordance with
this point of view, we let

Tey.2 ([ x .,
[;T} Ve [Vﬁ T 9 ®

where, with reference to Fig. 2,

ri = r® + 4yr cos ¢ + 4y-

so that
2r em oL 2 .
N T T——
! Jo lo lo (ri#hvrcos:+iyn) ™

Integration yields
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1.3t {_)’_(3"10 *) (142v*)° - (3410v*) 1-2v: o«
JTey 12 s

2y*2[(142y%)7 - (1-2y%) [1-2y% 1-5 v an

where y*zy/f. Since {/y lies between the limits of
zero and unity (refer to Fig. 2), the interval of in-
terest for y* is 1 - y*+ =, for which the bracketed
term in eq. (11) has a unique value (0.5) for all v*
values within this interval. It follows, therefore,
that

e
r

1

(12)

oof o
< e

which is directly analogous to the linear decay func~-
tion assumed by LRR in their development.

Fig. 2 Geometric configuration for voiume
averaging procedure

By means of arguments similar to those emploved
in developing eqs. (B) and (12), analogous expressions
for (‘ij*cji)w and (&gy+i41)w; can be developed, so
that the net effect of the image points on the pressure-
strain correlation can be represented as:
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and d?} and g?} are fourth-order tensors having the
same functional form as byi. If equal weight argu-
ments are applied for the influence of each bounding
wall of the corner, then gP% and bZ must be identi-
cal in form, which implies that €),3 must equal .
By consider1ng the linear nature of a%}, vBi, dmi,
and g , equations (2), (5), and (13)"tan be combined
to yieid a composite model for the pressure-strain
correlation of the form:

; .
+r—ﬂ=-q*i(uu -26

!a*u +a*“‘ﬂ (14)

e SRS k17 371
where
mi_l T u, +: ' G.u +% T.u,+8, uu+ u]
R R A T WA VRS S Ty
+ ok UL+ |-k * (2 5 .5 )V 7k
R A IR Y AV & I (mﬁ 157 mj iﬂ;] (15
with
~ T B ("
c. % =c¢c.+c H —E—\M';L) |+c121L‘ (16)
: P T, T2 Rt
- e AN I
errmerteni )t T ]+c2'2 fz} an
- - —
* = : ZIL} (x: {x)
el Tt e ()

where (*zrk4 * which always appear as a sum in the
expanded form for a W when applied to two-dimensional
wall boundary layers Ot turbulent corner flows. The
coefficients a* and -* can be expressed in terms of
c-* by invoking th¢ constraints imposed by Green's
third identify and continuity, namely:

a*ccszm(m#i) = 3ak 4+ 4Pk = 2 (19)
O,

a*e? —L = () = ak 4 53% 4 c.* = ( (20)
IXm

Solution of eys. (19) and (20) yields:

‘lC:* + 10

ok = 11 (21)
(3c* + 2
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It should be noted here that the above approachdiffers
fundamentally from the approach takenby LRR. In ex-
panded form, the continuity constraint can be written
as:
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In LRR's development, the sum 2R*+4uk+n* (for both the
primary and wall correction coefficients) is set equal
to zero. It is not necessary to _invoke this condition,
however, because 6gp BUZ/axm = 3Up/3xy = 0. If, in
fact, the condition 2R'+4v'+n' = 0 (LRR's notation) is
invoked for the wall correction coefficients and 2' is
set equal to zero (as specified by LRR), then the
Green's function condition: 3a'+48' = 0 and the contin-
uity condition: a'+5£'+c.' = 0 cannot be satisfied
simultaneously. The above inconsistency is avoided in
the present development.

Specification of Model Coefficients

The system of equations given by (14) through (22)
implies that nine coefficients must be specified in
order to complete the model. These coefficients in-
clude three primary coefficients (c,, c-, and -), three
wall correction coefficients (cl 1s€z,1s and 1) and
three corner correction coefficiénts (ey,>, c;,; and
y2). The required number of coefficients can be re-
duced, however, on the basis of the following consider-
ations. Consider the modified form of the RS transport
equations suggested by LRR, but with convection and
diffusion effects modelled bv means of Rodi's approxi-
mation (1976), namely:

U_u; ! 3T AT, |
i3 N 3 i_2.
o (P = Pi% o TN T T3 s

U . A
cl*%(uiuj-%‘ k)-t'xfn *?;*a*[:; (24)

where P = - upup FEk/Exc. Following Gessner and Emery
(1976), algebraic expressions for the Revnolds stress
components in normalized form can be devcloped frorm

eq. (24). The equations are summarized below:
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k L3 _
v -17 2 T 1
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ur au ™ T
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k (cy#*+2-1) " (i*+c. )L Tk Bz+ Pl 30

where * I P/ and k. (u” +V- +w-)/2. Equations (25) -
(30) can be recast into forms which express c;*, c:*,
and v* explicitly in terms of the normalized stress
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components, Along the corner and wall bisectors of a
rectangular duct, the following relationships apply:

Wall Bisector

F L) LLELE -
©1 % 1'“"%“!1]" BT uLb'“] e

(C1* !h *e-l) (v2
czt.wb 16 V " wb (32)
o - _ Loyt ,‘,b+;-1)[ J (15c2 ,b 1){ ]
wb k wb
-3 W)
"b )[2 +[ HT :] (33)
b
Corner Bisector
R o o -
1*vcb l-L‘H‘SLlZ lep * 6lchb -8 (34)
(c,*,cb+i~1) ()
=3¢ 4 b Wit
C1*ych rz. 22 3 [chb:] (35)
* ._2<Mrﬁ_v]‘“ _ 5 e )
cb € (%) 22 k)
(c.*x ~3)
R eb

A comparison of eqs. (34) ~ (36) with eqs. (31) - (33)
indicates that

c1*,eb = 1% wb

eo* b = St wb (37
*eb = Y*wb

provided that
42 g
lfk_.jcb i l_lz_.jwb
_ —
T.oEE, a»
w1 E}
(k)cb 2 1k Tk wb

In order to investigate whether or not these con-
ditions hold, Reynolds stress measurements were made
in the near-wall region of a square duct under fully-
developed flow conditions. Distributions measured by
Eppich (1981) along both wall and corner bisectors of
the duct for three different Reynolds numbers are
shown in Fig. 3. Superimposed in Fig. 3a are results
based on the measurements of Comte-Bellot (1963) and
line distributions representative of the consensus set
of values proposed by LRR. Although there is close
agreement among the various data sets along each bi-
sector, data measured along the wall bisector are not
in complete accord with the consensus values, which
indicates that near-wall similarity in incompressible
turbulent boundary layers may not be as universal as
previously thought. In general, however, Fig. 3b in-
dicates that the conditions imposed by (38) are well
satisfied, This result enables egs. (37) to be writ-
ten as

ci*=¢c) +cy' f (39)
cok = ¢y +cy' f (40)
Y* =y +y'f (41)

where the primed quantities now denote the wall cor-
rection coefficients with

1 r
B @
£ ['1 T3 cf (T2 “2)
where kg and c¢ are empirical coefficients to be sel-
ected so that f is approximately unity throughout the
entire near-wall layer. (It should be noted here that

the corner correction coefficients (c; ,2% €2 -, and
vY;) have now been effectively eliminated from the model.)
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Fig. 3 Normalized stress component distributions in
the near-wall region of a rectangular duct

In regions distant from the corner (e.g., in the
near-wall region adjacent to the wall y=0 for large z)
eq. (42) assumes the following limiting form:

lim £ = lim kf| ] = lim kfl '£‘]|
v y-o ot T Yo ey
Z

3 .
P 1 (43)

or, 1f lslp and it is noted that {p=xy in this region

81 "
kg =3 % {L2)

On the cornmer bisector y=z, where {p : «1¥,

Tk R
lim f=lim kfrﬂ L]i} Lelim— 24— =1 (45)
cflr- l Qe
y=z+0  y=2z-¢ L yrzo :
so that -
s = -}_5 (}] - 2} (46)

On the basis of measurements by Lund (1977) auad Eppich
(1981) in the near-wall region of a square duct, - and
x| are approximately equal to 0.40 and 0.23, respec-
tively, for which c¢g=-3.0. The final formof the decav
function (for an ungounded corner flow) mayv now be ex-
pressed as

b4
- I G 3 1 47)
f X [:y + z + Cf(y:'l‘l:)v-] ¢
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or alternatively, for & rectangular duct of arbitrary
aspect ratio, as

L

1 1 1
= {a—Ta-yI *b-Tb-z] T <l (a-a-y] )Mb-lb-zT)W}
(48)

where a and b are the half-width dimensions of the
duct. It should be noted here that for k-t type pre-
dictipns, in eqs. (47) and (48) can be rep%gced by
(ak) /e, but with "a" defined as (GvZ + TW2) ¥/,
rather than specified as a constant, because
(EV?+Eﬁ?)quvaries systematically in the near-wall
layer (e.g., between 0.23 and 0.29 in the near-wall
region of a square duct on the basis of data obtained
by Eppich (1981).

With the decay function now defined for both
bounded and unbounded 90-degree corner flows, the task
which remains is to specify numerical values for both
the primary (c,, c,, and v) and wall correction (c;',
c;', and v') coefficients which appear in eqs. (39) -
(41). 1In order to determine the primary coefficients,
reference will be made to the plane homogeous shear
flow data of Champagne, Harris, and Corrsin (1970)
and Harris, Graham, and Corrsin (1977), henceforth
designated as CHC and HGC, respectively. From the
data of both studies, it is possible to determine num-
erical values for c,, c,, and v from reduced forms of
eqs. (31) - (33) applicable to plane homogeneous shear
flow. With £:1 for the CHC data and with £:1.55 for
the HGC data (as suggested by Leslie 1980), the numer-
ical values for c; and c¢; are 1.34 and 0.34, respec-
tively, for the CHC data and 1.27 and 0.41 for the HGC
data. If one utilizes the average values for c; and
c» generated from these data sets (c=1.3, T-=0.37),
then the transverse anisotropy calculated from an
equation derivable from eqs. (26) and (27), namely

T we —4: (4T, - 1)
% k] i, +:L-D (49)

is -0.13 when =1, and -0.15 when £=1.55. This spread
in values does not simulate the experimentally observed
increase in transverse anisotropy which occurs as de-
partures from local equilibrium become significant.
(For the HGC data set, for which £=1.55, (VZ-w7)/k :
-0.2, whereas for the CHC data set, (vi-w2)/k: -0.1
when £=1. In order to circumvent this shortcoming, a
new coefficlent, -*, will be defined of the form:

Ak o= 3 o4 L 'f (50)

which effectively replaces c-* as an independently
specified quantity. 1f c-* is redefined in terms of
% asg

-—

1 -
c.*om == 4 o 11 k(e k4 ¢ = 1)) (51)
16, :

|
—

then eq. (49) can be rewritten as

TR D

which yields values for the transverse anisotropy
which are in better agreement with the experimental
values observed by HGC and CHC than values predicted
from g%. (49). (For »=-0.12, eq. (52) yields
(vi -w?)/k ~-0.18 and -0.12, respectively, when
t=1,55 and 1).

In view of this improvement, } was specified as
=0.12 in the present study to complement the values
selected for ¢, and v (1.4 and ~0.12, respectively)

which lead to the best overall agreement between cal-
culated and measured stress component values when com-
pared to the data of CHC and HGC. The normalized
stress components calculated from reduced forms of
eqs. (25) - (28) using the present coefficients and
those specified by LRR are compared in Table 1 below.

Reference w/k VZ/k  wi/k  -uv/k
CHC (data) 0.94 0.48 0.58 0.33
Present work (£=1) 0.94 0.47 0.59 0.33
LRR (£=1) 0.93 0.46 0.61 0.36
HGC (data) 1.00 0.40 0.60 0.30
Present work (£=1.55) 0.98 0.42 0.60 0.29
LRR (£=1.55) 0.96 0.44 0.60 0.37

Table 1 Normalized stress component values

In general, the present coefficients (c:=1.4, +=:=
-0.12), in comparison to those specified by LRR (c:=
1.5, ¢=0.4), lead tc improved agreement between cal-
culated and measured stress component values. On the
basis of these results, the primary coefficients chosen
in this study were used to determine numerical values
for the wall correction coefficients (c;', y', and #').

The coefficient ¢;' was evaluated by means of an
expression which follows from eqs. (31) and (39) with
f=£=1, namely

[ (o oy -t
ot = 4128 43 o X gl o (53)
Lk jwb ™ 7k kjwb | :

where, for the set values of (u:/k)y,and (37/k-;f/k)wb
indicated in Fig. 3a, c;' is a Reynolds number depend-
ent coefficient which var.. - as shown in Table 2 when
c 1.4, The variation is roughly centered about the
nominal value for c¢;' suggested by LRR (-0.5) for a
best fit of the consensus data (near-wall stress values)
tabulated in their paper. The coefficient -' can be
determined by differencing eqs. (26) and (27), applv-
ing eqs. (22) and (51) with {71, and letting f=1 in the
defining relationship for ** given by eq. (50). This
procedure yields

- (54)

from which »'=-0.08 when : -0.12 with (v'/k-w /K)yp =
-0.020 on the basis of the set value shown in Fig. 3a.

This completes the number of independent coeffi-
cients (%) which must be specified in the present medel
(eys *s v, 3", '), The remaining coefficeint, .',
depends on ¢; and ¢;', and can be evaluated from an
equation which is derivable from egqs. (26), (27), and
(28), after i* and r* are written in terms ¢f ¢_* on
the basis of egs. (21) and (22), and then in terms of
»* and c;* from eq. (51), namely

b v
L r Wb - 3 %k - ‘U_V- . 1
Y | 128 (48-11  *yp) X ‘wb_(c +c ")+
A N S
48[8+15 Yb W_} \ (55)

where y:-0.12, (-Gv/K)yp=0.24, and >*p=(v /k-w /k)p=
-0.20 on the basis of eq. (54} and the set values shown
in Fig. 3a. Table 2 summarizes the numerical values

selected for both the primary (c;, ¥, y) and wall cor-
rection (c;', +') coefficients utilized in the present
development. The corresponding values for ¢ and ¢ ',
as calculated from eq. (51), are alsc shown in this

table., The calculated value for c; (0.37) is in close
agreement with the value specified by LRR (0.40). The
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values for c,’ shown in Table 2 differ in sign from
the value specified by LRR (0.06), primarily because
the authors let B'=0 in their development. This con-
dition is equivalent to assuming that essentially no
energy is transferred from the wZ stress component to
the uZ component in the near-wall layer. Data ob-
tained in the present study and by Comte-Bellot (1963)
show that this is not true, however, for high Reynolds
number duct flows, where energy 1s extracted fromboth
the vZ and wZ stress components in the near-wall re-
glon to elevate UZ/k over its plane homogeneous shear
flow value. This point will be discussed in more de-
tail shortly.

Rey, ¢ A Y cy' 2 ¢y c,!
50,000 1.4 -0.12 -0.12 0 -0.08 0.37 =0.101
120,000 " ' -0.57 " " -0.109
250,000 " " " -0.87 " " -0.113

Table 2 Primary and Wall Correction Coefficients

In the present development, all model coeffici-
ents are constant, except for ¢;', which has an appar-
ent Reynolds number dependency. With reference to eq.
(31), the different values for c¢;' which appear in
Table 2 are directly attributable to the different
set values for u?/k shown in Fig. 3a. These values
were determined by neglecting tail-up behavior of
u-/k, which occurs in a low Reynolds number region of
the flow (RT<400; refer to Fig. 3a) where viscous ef-
fects acting on the dissipation rate may be responsi-~
ble for the observed increase in u-/k.__  __

Figure 4a shows distributions of uZ/k, vi/k, and
w./k measured by Eppich (1981) in the near-wall region
of a square duct under fully developed flow conditions.
In the outer portion of the wall bisector traverse
(0.062y/as0.10), there is a relatively strong varia-
tion in the level of anisotropy with a change in Rey-
nolds number. In particular, there is an upward shift
in u-/k values with an increase in Reynolds number, and
a corresponding downward shift in v~ vZ/k and w. /k values.
Similar shifts are evident in the distributions shown
in Fig. 4b, which are based on the measurements of
Comte-Bellot (1963) on the plane of symmetryof a high
aspect ratio rectangular duct at three different Rev-
nolds numbers. The shift levels showninFig. 4a are
somewhat higher for a given change in Reynolds number,
however, which appears to indicate that the convecting
influence of secondary flow along the wall bisector may
be responsible, in part, for higher shift levels ob-
served in Fig. 4a. In this figure it can also be seen
that normal stress levels measured at the lowest Rey-
nolds number (50,000) are similar to plane homogeneous
shear flow (PHSF) levels, which correspond to average val-
ues of the CHC and HGC data shown in Table 1, and that devi-
ation of the data from PHSF levels increases with an
increase in Reynolds number. Figure 4 also shows that
when Rep>10%, V=/k and w:/k lie below their PSHF coun-
terparts, which implies that energy is transferred
from both the V. and w” stress components to the u. stress
component in the immediate vicinity of the wall.

A plausible explanation of the shifts shown in
Fig. 4 which occur within the interval 0.06-y/a<0.10
is not a simple task. First of all, it may be stated
(with reasonable certainty) that the observed shifts
are not interpretable as a low Revnolds number effect,
because Ry is relatively high within this interval
(refer to tabulated values of Ry at y/a=0.10 in Fig.
4a). Furthermore, the observed shifts are not assoc-
fated with some anomalous behavior of the decay func-
tion, because f-=1 in this region for all threc Rey~
nolds numbers. Since k/Ug is essentially constant

and does not vary with Reynolds number, as shown in
Fig. 4a, the flow must be in local equilibrium, re-
gardless of the fact that the turbulence kinetic ener-
gy is distributed differently among the various stress
components. This interpretationm is supported by addi-
tional data taken by Eppich (1981) which show that
-HV/U =1,0 within the interval 0.065<y/as0.10 for all
three Reynolds numbers. The near-wall flow in this
region is thus a high Reynolds number flow in local
equilibrium, which implies that pressure-strain ef-
fects (as opposed to dissipation rate phenomena) must
be responsible for the shift in anisotropy levels
shown in Fig. 4a. As one possibility, one may con-
sider non-linear redistribution effects, but the model
proposed by Lumley and Khajeh-Nouri (1974), when ap-
plied to the near-wall region, will yield values for
UZ/k, v2/k, and w./k which are identically constant
vhen constant coefficients are specified. The problem
can be overcome by assigning a new value to ¢,' in the
present model whenever there is a change in Reynolds
number. Under these conditions, the model will mimic
the shift in anisotropy levels shown in Fig. 4a (as
indicated by the Rl, R2, and R3 levels in the figure),
without altering calculated values of (V' -w-)/k and
~uv/k (which should remain constant to be in accord
with the data). This is a less-than-satisfving ap-
proach, iowever, and current efforts are being directed
toward developing a plausible explanation (and model)
for the anisotropy shifts which have beea observed in
the present study.
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COMPARISON BETWEEN MODELS

The final form of the pressure-strain model which
has been developed in this paper consists of the expres-
sion for (p/c)(suy/.xjy+- quixi) given by eq. (l-),with
c.*, o*, and t* defined, respectively, by eqs. (51Y,
(21). and (22), where c.* % and \* (. -*+.*) are
defined, respectively. by eqs. (39), (50), and (41) in
terms of both primary (c,, :, v) and wall correction
(ey's ', v') coefficients whose values are given in
Table 2, with ,' to be evaluated from eq. (553). and
with f to be evaluated by means of either eq. (47) or
(48). The relative merits of this model will be
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examined by means of comparisons with the model pro-
posed by Reece (1977).

The decay function developed during the present
study is given by eq. (47). An analogous "two-
dimensional” expression, which is equivalent to the
superposition model suggested by Reece when restricted
to the near-wall region, can be written as: fjp=
(lp/uc)(llwl/z). In order to examine the relative be-
havior of f and fjp in the near-wall regionof a square
duct, £p was evaluated from measured primary shear stress
components and experimentally determined mean;ftrain
rates by means of the fgroula: £p = (T2 + T2) ¥ ¢
[(30/3y)2 + (aU/32)?] (Gessner and Emery 1377). The
shear stress and mean-strain rate values were deter-
mined from data obtained by Lund (1977) and Eppich
(1981) at Rey,=250,000 under fully developed flow con-
ditions. Calculated values of f based on x=0.40 and
the data are near unity throughout the entire near-
wall layer (O<y/as0.1l, O<z/ac<l). Calculated values of
fop within the same region are approximately unity on
the wall bisector (z/a=l), but increase to an average
value of 1.14 on the corner bisector.

The consequences of this behavior can be examined
by referring to Fig. 5, which shows calculated and
measured normalized stress component values in the near-
wall region along wall (Fig. 5a) and corner (Fig. 5b)
bisectors of the duct. Both modelsyield resultswhich
are in generally good agreement with measured values
on the wall bisector, except that Reece's model over-
predicts wi/k (refer to Fig. 5a) because the influence
of a wall effect onW? is not taken into account in his
model. Figure 5b indicates that both models tend to
underestimate or overestimate u-/k and Vi/k (or wr/k)
on the corner bisector by approximately the same amount.
Reece's mode.i, however, underestimates -uv/k by approx-
imately 50% and overestimates -vw/k by a factor greater
than twoon this traverse. Incontrast, the present model
leads to values for -uv/k and -W/k on the corner bisector
which are in reasonable agreement with the data. The lack
of agreement between Reece's model and measured values
of -uv/k on the corner bisector is not attributable to
the coefficient values specified in Reece's model, but
rather to the decay function which exceeds unity on the
corner bisector when f)p is used to model decay function
behavior. When f is used to calculate -Gv/k on the cor-
ner bisector with Reece's coefficients, the value is
0.166, which is in close accordwith the data and with the
value calculated by means of the present model (0.170).
This does not imply, however, that Reece's model would be
entirely suitable if f,, were simply replaced by f, be-
cause the -vw/k value calculated on the corner bisector
using f and Reece's coefficients (0.169) still exceeds
experimentally measured values bv a factor of two.

In order to compare the present model with Reece's
model more fully, additional comparisons involving the
balance of production, dissipation, and pressure-strain
effects in the flow were made. The Reynolds stress
transport equations were first written in reduced form
by neglecting transport effects and by assuming local
equilibrium, so that the overall disgipation rate could
be modelled in terms of the production rate; i.e.,
¢:-(TV 3U/3y + Gw s0/3z). The individual terms which
appear in the reduced equation for each stress compon-
ent were then evaluated from data obtained by Lund
(1977) and Eppich (1981) in the near-wall region of a
square duct. Figure 6 shows normalized pressure-strain
digtributions for uZ, V-, w-, and UV along three near-
wall traverses (z/a=0.1, 0.6, and 1.0) calculated by
means of the present model and Reece's model. Distri-
butions of the rates of production and dissipation are
also shownon this figure, as well as the sumof terms (S),
which ideally should be zero along each traverse.

Without exception, the sumof terms for each stress
component along a given traverse is closer to zero when
the pressure-strain termis evaluated by means of the
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stress component distributions in the near-wall
region of a square duct, Reyp=250,000

present model, rather than Reece's model. Even

along the wall btisector (z/a=1) there is marked improve-
ment in the balance for each stress component. These re-
sults are independent of decay function considerations
(since f=fyp=1 on the wall bisector), which implies
that both the unprimed and primed coefficieunt valnes
specified in the present model are preferable to the val-
ues employed by Reece.

The sensitivity of the balances to pressure-strain
modelling was examined more closely by comparing the su:
of effects for the VZ and TV stress components in the
immediate vicinity of the corner. Figure 7 shows th< sum
of terms associated with redistributive and dissipative
effects on the VI stress component (S=PS+D) ani the sur
of terms associated with production and pressure-strain
effects on the UV stress component (S=P+PS). From the
figure it can be seen that the sum of terms alones a
given traverse is generally closer to zero when the
present model is emploved. The differences between the
two models are most evident along the traverse closest
to the wall (2/a=0.02). Along this traverse, the sumof
terms associated with redistributive and dissipative
effects on the transverse anisotrony (VI-W1)/Uh is
close to zero and varies between #1.4x.0~" within the
interval 0.04.y/az0.10. 1In contrast, when Reece's mods
is emploZed‘ the sum of terms varies from B.6x10"" ¢
11.5x107* along this same interval, i.e., there is at
least a six~fold increase in the imbalance level. Inas-
much as transverse gradientsof VI-w. are responsil.e
for the generation of axial vorticity in the flow, it
is likely that the present pressure-strain model will
lead to improved predictions of the overall flow fieicd
(especially in the near-vicinity of a cerner) in com-
parison to Reece's model.

CONCLUDING REMARKS

A near-wall pressure-strainmodel for 90-degree cor-
ner flows has been presented in this paper which is tased
on amore rigorous approach than that emploved in previcus
studies. The present three-image point model is based on
a decay function which is approximatelyv unity in the entire
near-wall layer. Incontrast, the two-image point (su-
perposition) model leads to a decay function which in-
creases continually as a corner is approached. This be-
havior leads to calculated normalized stress component
values on the corner bisector which are not in complete ac-
cordwith the data, vhereas calculated values based on the
present model are in good overall agreement. Modelling
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pressure-strain effects in the Reynolds stress transport
equations by means of the present model leads to imbalance
levels for each stress component which are significantly

less than those associated with Reece's model, even in

nominally two-dimensional regions distant from a corner.
The comparisons described in this paper indicate that the
present model is superior to Reece's model in several re-

spects. Full confirmation of the model must await com-
parisons with numerical predictions, which is one of our
main objectives in future work.
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ABSTRACT

The rapid distortion of a turbulent motion by a mean
bulk dilatation, and the subsequent evolution of
Reynolds stresses, are examined. Some properties are
given for a solenoidal velocity fluctuation field.

It is shown that mean velocity divergence does not
contribute to the rapid part of the pressure-strain
correlation terms. Models for these terms are deduced
and a variable which takes in account the mean
compressibility effects and behaves like Reynolds
stresses in subsonic flows, is defined. These proper-
ties are in good agreement with experimental results
obtained in a supersonic boundary layer relaminarized
by an expansion fan, It is deduced that bulk dila-
tation and mean pressure gradient contribute largely
to relaminarization, and that the solenoidal appro-
ximation seems to be valid in distortions like an
expansion for moderate supersonic Mach numbers.

NOMENCLATURE

aij = dimensionless Reynolds stress deviatoric
dij = fluctuating strain rate tensor
Dij = mean strain rate tensor
D/Dt= -/-t + @j 3/3xj derivative along the mean
motion
L = spatial extent of the distortion
M = Mach number
p = pressure
pt2 = pitot pressure
q' = (u!2¢ u}z . uéZ)l/Z
rij = fluctuating rotation rate tensor
Rij = mean rotation rate tensor
= correlation coefficient between longitudinal
and transversal velocity fluctuations
R-u = correlation coefficient between density and
longitudinal velocity fluctuations
R:v = correlation coefficient between density and
transversa! velocity fluctuations
mperature
L. x b
Tij = uiuj/(') /
u =0 + u' longitudinal velocity component
ui = u; ¢ u{ component of velocity

U = mean velocity modulus
= velocity in the initial external flow

i“j= ou!u!/f

i)
v = ¥ 4 v' transversal velocity component
(s,n,2),(x,y,z) = frames of reference (fig. 1)
{0 = initial boundary layer thickness
£
L

: = Vronecker symbol
= Laplacean operator

Y = Cp/Cv ratio of specific heats

-

= integral turbulent scale

Ty o= - (epVexj 4 ujoplax;) /5

©

= specific mass

~

w = wall friction

Supersecripts :

( )= ensemble average
( )= Favre average : w = TW/3

( )' = fluctuation

INTRODUCTION

The classical description of equilibrium supersonic
turbulent flows often uses the Morkovin's hypothesis
/1/, according to which turbulence structure is
supposed to be the same as in subsonic flows. In such
conditions, mean compressibility appears only in the
variations of the mean specific mass. Moreover, as
the flows examined by Morkovin are quasi-parallel and
have only very slight longitudinal evolutions, the
mean density gradient is nearly perpendicular to the
mean velocity, so that the mean velocity divergence
is very small, if compared to the mean strain : mean
dilatation can tk-n be neglected. When a supersonic
flow is subjected to a pressure gradient, the
situation is quite different : there are large varia-
tions of mean density. Such flows were examined in
the last decade /2/,/3/, in order to introduce the
dilatation influence in turbulence models. Neverthe-
less, as noticed by Bradshaw /4/, only few things
were known about the effect of longitudinal density
variations on turbulent quantities. This paper brings
some elements of physical understanding of these
phenomena, and compares them to experimental results.
The influence of a mean bulk dilatation on Reynolds
stresses can be described as the action of mean velo-
city or associated density gradients on turbulent
transfers : the simpler problem of this type is a
rapid distortion one. This approximation is here
applied to the Reynolds stress equations. Attention
is focused on the pressure fluctuation. It is shown
that in a rapid distortion, if the fluctuating motion
can be considered as essentially incompressible, the
pressure fluctuation is given by the same equation as
in heated subsonic flows. By assuming that the veloci-
ty fluctuation field is solenoidal, the way to adapt
to the supersonic case will be deduced, and a new
variable will be defined from the Reynolds stress and
the mean density, which takes implicitly in account
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the effects of mean compressibility. An experiment
is presented, in which a turbulent boundary layer
subjected to a centered expansion is studied ; tur-
bulence measurements are performed in the expanded
zone. The measured evolution of the velocity variance
is compsred to the evolution deduced from the propo-

sed snalysis.

ANALYSIS

Reynolds Stress Equations in a Rapid Distortion

A distortion is "rapid" /5/ if it is applied to a
turbulent field during a time which is much lesser
than the characteristic time of turbulence. The
following inequality must be verified :

(q'/U) (L/M)<< 1

Alq' is a characteristic time scale of turbulence

L/U0 is the time of flight of a fluid particle in
the distortion, the spatial extent of which is
L.

In such conditions, the rate of dissipation of tur-
bulent kinetic energy per unit mass can he condi-
dered roughly as a constant, and equal to its value
upstream of the distortion.

We will consider now situations in which the new
production terms developped in the distortion are
much larger than the dissipation one ; in addition
it will be supposed that the flow is not too
inhomogeneous, so that the diffusive effects will not
change strongly the Reynolds stress evolution, and
can be neglected.

With these assumptions, the Reynolds stress equation,
expressed for Favre averaged variables /6/, writes :

D e AT ~ 'a'.
= ulu! = -u'u'dYj_ LTy Y
bt “iYj i ko, % 3

jQ
I3

T .F Ty 3
L Pui P ou; 3P (1)
22 xj 02 X,

On the two first lines of the right hand side (r.h.s)
member of (1), the production terms in the mean velo-
city gradient and in the mean pressure gradient are
written . The term of the third line is generally of
the same order of magnitude as the production, and
must be modelled. In the models for turbulent subso-
nic flows, it is now accepted /7/,/8/,/9/ to
represent this term by the sum of two parts. The
first called "return-to~isotropy " term, is due to
non-linear turbulent mechanisms ; the other, which
is only one to be considered in a rapid distortion,
is called /9/ the 'tapid part of pressure”. This rapid
part of the pressure is deduced from the pressure
equation obtained from the linearized Euler's equa-
tions. Only this rapid part is considered here : some
limits of validity of such an approximation can be
found in ref. /10/.

The Rapid Part of Pressure

By assuming little fluctuations of velocity, density,
pressure, deducing a linearized equation for the
fluctuation from the Euler's equations, and taking
their divergence, an equation for the pressure fluc~
tuation can be obtained. This equation can have

very different forms, according as the velocity fluc~
tuation divergence is zero or non-zero. In the
Kovasznay's theory /11/, the "acoustic mode" corres-
ponds to the irrotational part of the velocity fluc-
tuation (Quy /3x, ¢ 0) while the “vorticity mode”

is related to the solenoidal part of the velocity
fluctuation (aui/a =0). For equilibrium flows, a
consequence of the Morkovin's hypothesis is that
the vorticity mode is presumably predominant. Then,
for non hypersonic turbulent flows, it is attractive
to assume that the fluctuating motion is essentially
incompressible, i.e. 3u'/3x.« 0. This basic assump-
tion is made here. This hypothesis is well adapted
to equilibrium layers and can also give a good
approximation in distortions which do not amplify
too much the acoustic mode.

For a solenoidal field of velocity fluctuations, if
the mean flow is steady and if the second derivatives
of mean velocity can be neglected, the equation for
the rapid part of pressure writes :

- aul  a0j LI 1 F]
R ol = -l Ul b
j Xi xi Xj
G. a0
oo i M )
ax, 9x.
i J
5o, M by
$—(—+ u, . — +u! . —)
9x; ot Iy 1 ax

The first two terms of (2) are identical to those
found /9/ in subsonic flows with heat sources. In
ref. /10/, it is pointed out that for fluctuations
associated to small wavenumbers, the last two terms
become the more important ones, but for the main part
of the spectral range containing energy, it seems
reasonable to make the following approximation :

, Bui aﬁj 3’ 361
AP —. e @, =D (3)

Xy 3%y %y J ij

Two additional assumptions are made : we consider
flows where mean pressure forces are strong, so that

ai/axi= - Buj Bui/ax. ; at last, it is assumed that,
as in equilibrium turbulent flows /12/, the tempera-
ture fluctuations are practically isobaric :

p'/5 = - T'/T .,Thg_final form‘of (3) is :
-Ap'-*ZH}_‘-_“l'l_.B_T_BL &)
x, 3x, T 9x, 3x,

h] i i M

The first term of the r.h.s. member of (4) can be
related to the production in the mean velocity gra-
dient, the second one to the productiom in the mean
pressure gradients. According t- he contribuion
of these two terms to the pressu ‘ation can be
examined separately ; the first .e. . ' be parti-
cularly studied hereafter.

A classical separation is used for the velocity gra-
dients. When the divergence of velocity fluctuation
is null, 3u!/3x, can be separated into a svmmetric
part di' (f uctaating rate of strain), and a anti-
symmetric party.. (fluctuating rate of rotation); as
the mean flow 1% compressible, 3y,/3x, is separated
into an isotropic part 3G&Iaxk Gi} (,é.n dilatation
rate) and a deviatoric ; the deviatoric is separated
in the same way asaui/éxj
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aui/axj =d.. +r, with r., =d.. =0

ij ij ii ii
S I EL S e
auilaxj = (auk/ka) Gij/3 + Dij + Rij (5)
with Dii = Rii =0 and Dij = Dji H Rij = -Rji

Applying the rules of tensor algebra, the contri-
bution of the velocity gradients to the pressure
fluctuation can be expressed by :

' - - 70
ap 25 (dij Dij + rij Rij)
The mean dilatation rate does not contribute to p' ,
because the fluctuating motion is supposed to be
solenoidal. With this assumpt1on, only D.. and R;.
have to be considered, as in subsonic fIéJs The)
same conclusion can be drawn /10/ for the part of
p' related to the wean pressure gradient : if
auilaxk = N, the contribution of the mean pressure
gradient term to the rapid part of the pressure-
strain correlation can be modelled as in subsonic
flows.

Models for the Rapid Part of the Pressure-Strain

Terms

It follows from the previous considerations, that
the way used, for example, by Lumley /9/ or by
Launder, Reece and Rodi /8/ to model the pressure-
strain correlations can be adapted to the supersonic
case. It can be shown /10/ that, with the assumption
du//3x, = 0 , the rapid part of the pressure-strain
correlations can be represented by the same function
(or functional) of the Reynolds stress and of R, .
and D.. as in subsonic flows. The adaptation to ~the
supers&nxc case 1is then very simple : the model
remains unchanged when expressed in terms of D,. and
Rii (but not in terms of au /3%.). In this pape
three models will be used : Launder s model /8/,
the quasi isotropic model given by Lumley /9/, and
the model used by Naot, Shavit, Wolfsthein /13/. In
the latter, which is the simpler one, the modelled
terms are proportionnal, for imcompressible flows,
to the production of Reynolds stress deviatoric in
the mean velocitv gradient. They are respectively :

[ -
‘é(u;Ti'E +ul 2P .

e 3 ax; O
approximation N° | '2[3 D.
Launder et al. 1 5 7ij + 0,87 (a
2 a3Piq*3qiPjq
(6) ©3 % qu 5ij) + 0,656 (aqix
R + .
a0 )]
approximation N° 2 02;2 3
Naot et al, 9 [S Dij * 5 (aqi qu * qu Diq
2 3
n . =3 %1 Pig %3150 * F 3qi Ryq
+ . R,
.QJ 19)]
approximation N° 3 12,2 12 +a .
Lunley I3 05 * 7 (843Pjq* %3 iq
(8) -2
3 ‘ql Dlq 611)]
-~ 2 P
where aiq - u u' /q' - qu/3 ; Index u indicates

the contribut1on of the mean velocity gradient de-
viatoric : With these three approximations, we used

Lumley's proposal /9/ for the contribution of the
wean pressure gradient :

T - Tla! 3p 2
-_(u'.BL.uJ.E.P_) -« -0,3 (_fa.P..__.l,__i.
® i axy Jax; 5T 3xj c T ax,
T' v ;
_x Py o
o T axk

where T' ul/T =~ ug /6, if /12/ the low pressure
fluctuation level hypothesxs is valid.

Definition of an "Incompressible' variable

Let us consider eq. /1/. Let ﬂij be the fluctuating

pressure term :

- (aan’ [P - 2 T
uiap /axj + uj3P /Bxi)/o "ij (q paijv- ui;D

Rij'p,ap/axi)

“ij does not depend on Bﬁklaxk. If the separation (5)
is used for 3u,/dx,
nuity equation, eq:

, and introducing the mean conti-
(1) writes :

D Idi =20 1D - 4 [-uld (D, +R
bt Yi% T3 YiY 5 bt P [ i% ¢ jk %
_ (10)
o c'u! 3p , p'ul -
ujuk (D1 Rik) A TG ¥d, 1 rij]
T ax. =2 X, =
J e 1 [

In this equation, the mean dilatation terms appear
only in the first term of the r.h.s. member. In
addition, as the r6le of =.. 1s to moderate the pro-
duction terms due to D, " and ?p/3x. , the
production term xnvolvang the &ean dilatation is the
only one which is not reduced by TR

In rapid distortions where dilatation effects are
predominant, eq. (10) yields :

Do =200 D -
Dt 1] 371 ¢ T 4 if we define
2 >
-— ~
= 6G)Y2Iaq! uJ ., it follows that nrij/m =0
After integration, it comes, whatever i and j
u! u! -
. i Q)2 £2,2/3
Tij Cst  or (’T-?)l ( - ) an

1
It can be remarked that a mean dilatation, i.e. an
homogeneous, isotropic mean distortion does not
change the Reynolds stress anisotropy : every compo-~
nent is changed, but at the same relative rate, so
that the principal directions of the Reynolds tensor
are unchanged. The same type of conclusion was
reached in ref. /14/, from a less general analvsis

involving only the production terms.

Formula (11) was soon given by Batchelor /15/ who
used dimensional considerations based on angular
momentum conservation. We show here that Batchelor's
result is exact for a solenoidal field of velocity
fluctuations.

An equation for T,. can be derived from (10). The

terms of the r.h. i member of (10) involving D,. and
Rij can be expressed in terms of TIJ

instead of

P e




P~

uiu! . Some particular problems appear in the mean

p edsure gradient terms. For supersonic flows without
heat sources /1/, /3/, /10/,/16/, the relations
derived from the "Strong Reynolds Analogy" (S.R.A.)
may be used to represent p'ui or TouT ¢

1
2732

p'u /P =T /T = R‘]u (v=1) M u'“/u

ST = TVE =R R (DM vl

It appears that the production terms and the part of
T involving STy can be related to T,, and T,,.

i Then, the equatioﬁ for T.. has the following form :
: (no summation on i and j)

iy, - D
~ B Tij Tie @y * Ry ~ Ty Oy # R

. Cyml - 2
i + K., (Y-I)M eTyy. 2R * Kj- (Y:1)M .
9x

1. e u P u

1 -
T,. 1
13.._32, TC..
* @53 )
K. are constants when the correlation coefficients

RO, R _, R _are fixed : T, is the only turbulent
pu’ pv uv ik

quantity used in the expression of ﬂij.
P, Therefore T.. appears like an "incompressible"
< variable because :
£ - i) its evolution does not depend on the mean dilata-
tion rate;
ii) as far as the action of the mean strain and the
mean rotation rates are concerned in a rapid
s distortion problem, the terms in which these
A variables appear are identical with the ones
b found in the equation for uju! in incompressible
', flows. 1]
These conclusions are compared to experimental
results in the following chapter.

EXPERIMENTS

Y Description of the flow

Fig. 1 : Sketch of the flow

The flow in which measurements were performed /10/

is shown on fig. 1. A fully turbulent boundary layer
develops on a flat plate ; the external Mach number
is 1.76 ; in_the outer flow, the stagnation pressure
is 40530 N/m“ and the total temperature is typically

296 X. The wall remperature is, with a good approxi-
mation, the adiabatic flat plate recovery temperature

) 2.36
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upstream of the expansion. In this latter zone, the
boundary layer is lcm thick : the Reynolds number,
based on momentum thickness is 5000.

A 12 deg. deflection of the wall around a sharp edge
produces an expansion fan ; the boundary layer is
deviated without separation. The expansion produces
large density and pressure varations. If Ap and 1

are respectively the pressure drop absolute value and
the wall friction in the initial boundary layer, the
ratio Ap/1y is 100 ; such a value (17),(18) corres-
ponds to a relaminarization of the flow, downstream
of the expansion. It seems likely (4) that bulk dila-
tation contributes to such a relarinarization. At
last, in the expansion and out of the viscous sub-
layer, the mean flow can be computed by neglecting
the friction terms in the momentum equation, for the
pressure force is very strong. This enables to calcu-
late the mean flow independently from turbulence, and
to get an accurate determination of the means gra-
dients contributing to the "source" terms in the

equation of T, ..
1)

Measurements methods. Apparatus

The measured mean variables are total pressure and
total temperature. Total pressure was measured with
Pitot probes and piezo resistant pressure tansducers ;
total temperature was measured with hot-wire probes.

Turbulent quantities (variance of temperature fluc-
tuations, of longitudinal velocity fluctuations ;
velocity temperature correlation coefficient) were
measured by a "constant current” hot-wire anemometer.
The bandwidth of the uncompensated amplifier reached
310 kMz. Errors coming from the imperfections of the
time lag compensating circuit were reduced by ad hoc
corrections /19/. The Kovasznay's "fluctuation dia-
gram technique /11/was used. Details of the apparatus
and of measurement methods are given in ref. /10/.

Mean flow determination in the expansion

As indicated hereabove, the mean flow out of the
viscous sublayer can be computed by resolving the
Euler’'s equations by a method of characteristics.
Such a computation is more accurate than measurements
for the intrusion of a static pressure probe in the
expansion provokes systematic errors. The calculation
was made as in ref. /20/ by assuming that mean
entropy and mean total enthalpy are constant along
streamlines. The results of the computation are in
good agreement with Pitot pressure measurements, so
that all the information on mean field was deduced
from the results of the method of characteristics.

Turbulence Measurements

—~
It was checked from u'* measurements that the
initial boundary layer is in equilibrium. Fig. 2
gives the results in the representation suggested
by Morkovin /1/. 1 is the wall friction determined
from the law of the wall, for compressible turbulent
boundary layers. The present results are consitent
with the other boundary layer data.
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Fig. 2 : Profile of :T? in the initial boundary layer
The normal stress u'®~ was measured just downstream
of the last expansion characteristic (Fig. 3) and
along the streamline whose location in the initial
boundary layer is y/8o = 0,3 (Fig. 4)
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Fig. 4 : ¥ evolution along the explored streamline.

Ee‘is the mean velocity in the initial external flow;
U is the initial value of u'* . On fig. 4, s' is
the curvilinear abscissa along the streamlipe.

The striking fact is the large decrease of u'* in the
expansion, mainly in the internal half of the bounda-
ry layer. —~—

Temperature variance T'' and velocity temperature
correlation coefficient R, were also measured.
Upstream and downstreamo the expansion (Fig. 5)and
along the explored streamline, the S.R.A. formula is
verified and R__ can be considered as a constant,

R 0" 0,8. These conclusions are valid only in
tﬁe non intermittent part of the flow, i.e. y/60< 06,
and will be used in the calculations presented in

the next paragraph.
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Fig. 5 : Temperature varignce ; velocity temperature
correlation coefficient, upstream (®) and
downstream (4) of the expansion.
DISCUSSION

Firstly, it was cheded that the distortion is
rapid. The parameter q'L/(UA) is roughly 0.}, outside
of the viscous sublayer. Secondly, different hypothe-
sis were used to explain the u'* evolution. It was
at first assumed that bulk dilatation effect is pre-
dominant, i.e. T, , is constant. The result, noted
"dilatation effect" is shown on fig. 3 and 4 ; it_is
consistent (Fig. 4) with the measured values of u'*,
in the external half of the boundary layer. In the
internal half, the predicted values of u’* with the
former assumption are much larger than the measured
ones., Note that, due to the lack of measurements near
the wall, the part of the initial u'® profile for
y/80 < 0,3 is extrapoled on the basis of Klebanoff's
measurements. Kistler's results (Fig. 2) seem to
indicate that near the wall, the supersonic datacould
be lower than the subsonic ones. Nevertheless, an
extrapolation based on Kistler's data, associated
with the only dilatation effects, would not reproduce
the low u' level observed downstream of the expan-
sion, for y/éo < 0,3 .

The influence of dissipation has been estimated
by assuming it is isotropic, constant in the distor-
tion, and equal to production upstream of the expan-
sion. The result is indicated on fig. 3 by a dashed
zone. It can be concluded that the contribution of
dissipation to the measured evolution is of low
importance.

A last approximation is then used, by assuming
that for y/do ¢ 0,5, n.. and all the terms of pro-
duction can be important% and that diffusive and
dissipative effects can be neglected. Formulas(6),
(7). (8) to which "linear approximation" N°1,2,3 are




referred on fig. 4, are used to reprecent the part
of n,. involving Di' and R... These formulations are
used’Juith Lunley'lJproponii 19/, eq. (10), for the
part of w.. depending on p'u; . The Reynolds stress
calculatidh was then made aiong the mean streamline
initiating at y/So = 0,3. The equations were written
in an "intrirsic" frame of reference, i.e. relative

to the mean streamline. The geometry of this stream—
line (location, radii of curvature) and the mean
field are deduced from the results of the method of
characteristics. The initial conditions on the Rey-
nolds stresses are given by the u'* measurements and
by assuming that the different stresses are in the
same proportions as in‘ggksonic equilibrium boundary
layers. The results on u'“ are given on fig. 4 which
shows that the rapid distortion approximations are in
good agreement with the measurements. It seems ama-
zing that the three different formulations give prac-
tically the same results. An inspection of the source
terms in the equation of u'* indicate that the main
contribution to u'* is due to the bulk dilatation

and to the mean pressure gradient, the terms related
to Di' and Rij being very low.

CONCLUSION

The evolution of the normal Reynolds stress
related to longitudinal velocity fluctuations in an
expansion leading to the relaminarization of a
boundary layer at supersonic speed has been analyzed
by a rapid distortion approximation. Some properties
of the action of a bulk dilatation on a solenoidal
field of velocity fluctuations have been given. The
results show that, outside of the viscous sublayer,
bulk dilatation contributes largely to relaminari-
zation, though the effect of the mean pressure gra-
dient cannot be neglected.

The proposed analysis was based on the assump-
tion that the fluctuating motion is essentially
incompressible. Although the used approximations and
models can reduce the generality of the conclusions,
it seems that this basic hypothesis can be safely
used to describe the turbulent fluxes in distortions
like a centered expansion, for non hypersonic flows.
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MOVEMENTS OF FLAME-FRONTS AND THEIR PROPERTIES IN A TURBULENT DIFFUSION FLAME

M. Ahlheim, H. Hoffmann and W. Leuckel

Universitdt Karlsruhe (TH), Karlsruhe, West Germany

ABSTRACT

In an axial jet turbulent diffusion flame
issuing frcm a double concentric burner mea-~
surements were made of local ionization,
temperature and flow velocity. The ioniza-
tion signals allow the jinstantaneous thermal
structure and propagation behaviour of the
flame front to be explained. Cross corre-
lation measurements with a double ionization
probe show that the average value of the
absolute flame front velocity is different
from the mean flow velocity. Except in the
external boundary zone of the flame, flame
velocity is slower than flow velocity.
Temperature measurements were correlated
with ionization and indicate the characteri-
stic differences of combustion progress of
the premixed and of the diffusive type.

NOMENCLATURE

= burner diameter

= jonization current

= correlation coefficient

= temperature

= time

= distance from burner exit

= radial distance from flame axis
= time mean value

= fluctuation value

(= [ x 8391 0o
\'
"

root mean square value of
fluctuation

INTRODUCTION

Investigations on flames using ionization
measurements have been known for many years.
The first studies in turbulent flames were
done by Karlovitz et al./1/ who used the
ionization probe to determine the position
of turbulent flame fronts. Ahlheim and
Giinther /2/ found a strong relationship bet-
ween the ionization measured locally and the
local reaction density. The reaction density
is defined in this context as the total con-
sumption of methane divided by the total
flame surface. This relationship will help
in investigating the structure of turbulent
diffusion flames by ionization measurements,
as carried out before by Ahlheim and Giinther
/3/ in natural gas flames.

EXPERIMENTAL CONDITIONS

All measurements were made with a 7.9 mm in-
ternal diameter tube burner with centric

fuel gas flow, surrounded by annular con-
centric gas flow which was 1.07 times the
stoichiometric rate. The flames were stabi-
lized by oxygen issuing from a small annular
slit surrounding the fuel tube. The gas velo-
city was 50 m/s and the air gas velocity rate
was 0.29. The Reynolds number was atout

26 000. The flame produced by this Lburner

was absolutely non-luminous, i.e. sod>t free.

IONIZATION MEASUREMENTS

Ionization measurements by Ahlheim and
Giinther /3/ demonstrate the progress of
combustion very clearly. Fig. 1 shows the
time mean values of ionization. At x/d=20
the reaction has not yet reached the flame
axis and is very weak for most of the cross
section. At x/d=40 the fresh air has pene-
trated to the flame axis, and a very inten-
sive reaction can be seen across the whole
flame cross section. Further on the profile
of ionization becomes more and more equa-
lized across the jet due to the advanced
mixing of fuel and air. The flame ends at
x/d=100.
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Fig. _. Root mean square values of
ionization fluctuations

The fluctuation of ionization (Fig. 2) des-

cribes the fluctuation of the reaction den-

sity, which is influenced by the mixture of

gas and air and by the aerodynamic structure
of the reaction zone. In a turbulent diffu-

sion flame there exists any mixture of fuel,
air and waste gas. To interpretate the ioni-
zation signals measured in a turbulent dif-

fusion flame, some preliminary examinations

were made in laminar diffusion flames and in
laminar premixed flames. The result of those
measurements are shown in Fig. 4.

In a turbulent diffusion flame the simplest
model is that of eddies of fuel and air
existing side by side, with a flame front
possibly existing between fuel and air.
Fig. 3 shows a scheme of this model and the
corresponding ionization signal. Figs. da-
4c show the signal measured in a laminar
diffusion flame, and Fig. 5a the equivalent
signal measured in a turbulent diffusion
flame. The measurements of Fig. 4 wers made
in a flame from acylindrical burner, so that

3.2

@gas Oair —~tiame tronmt

measuring
Thew T bt

Fig. 3: Scheme of a reacting eddy structure
moving over the measuring point

Sypin

Fig. 4: Ionization profiles of laminar flame
fronts

a) diffusion flame, flame root -

b) diffusion flame, transition region

c) diffusion flame, flame tail

d) premixed flame, 9.5 Vol § methane

e) premixed flame, 12 Vol % methane

the ionization probe crossing the flame
detected two flame fronts. Fig. 4b and dc
show the progress of mixing of fuel and air
across the flame axis with increasing down-
stream distance. It is supposed that in a
turbulent diffusion flame two flame fronts
with this pattern of ionization do not exist,
because in a turbulent eddy fuel is not being
continously supplied to the reaction fronts
as it is in the laminar flame. The occurence
of signals of the type of Fig. 4c, as shown
in Fig. 5b, will be explained later in an-
other way. In Fig., 4d and 4e is shown the
typical profile of an ionization signal of a
premixed flame. The difference to the diffus-
ion flame is obvious. On the fuel side the
increase of the ionization signal is steep up
to the top of the peak, and on the waste gas
side it drops more slowly to the normal zero
value, because the ions will gradually decay
in the hot waste gas.
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Fig. 6 explains the model of spreading of a
nramived flame front in a turbulent diffus-
ion Z.ame. .""om the ignition point the
flame front spread:z svherically. Now there
are two possibllities of the iunicaticn
probe crossing such a flame front (Fig. 6a
and 6b), and correspondingly two types of
signals can be distinguished.

Fig. 5b shows a typical signal resulting
from the orobe crossing the flame front
once. There is a steep rise in ionization on
the fuel side and a much slower decrease on
the burned gas side. The rate at which the
signal decreases is mainl‘ Jependent on the
reaction intensity ard the local tempera-
ture of the burned gas. At higher tempera-
ture the 1ons have longer lifetimes, which
leads to a slower decrease of ionization.

Fig. 5c shows the signal corresponding to
the model of Fig. ¢bh. The probe crosses *+he
flame front twice and two sharp ionization
peaks are recorded. The level of ionization
between them depends on the number of ions
remaining in the burned gas, and on the
distance between the two crossing points.
The gradient is equally large on both
sides, since fuel is present on both sides.

Fig. 6c shows a model for the occurrence of
the signal of Fig. 5d. In a fuel-rich
mixture the excess hot fuel diffuses out

of the flame zone. This fuel can react with
the air flowing from the surroundings, so
that a diffusion flame zone rises in addit-
ion to the premixed flame. Unpublished work
on laminar flames with incomplete premixing
by E. Hoffmann-Berling at the authors’
institute confirmed the relationship bet-
ween flame form and signal shape.
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Qnition

In turbulent ciffusion flames, the most like-
ly situation will be a simultanous occurrence
of both types of combustion, resulting in a
practically premixed reaction. The ionization
signals from this sort of flame front can not
be interpretated without ambigquity.

The ratio of diffusion flames to premixed
flames to mixture 2one flames was estimated
in the present investigation to be about
1:2:7.

EVALUATION OF FLAME PROPAGATION VELOCITY FROM
IONIZATION MEASUREMENTS, AND COMPARISON WITH
FLOW VELOCITY

In the preceding paragraphs, the relative
movement of the flame front in the surround-
ing gas has not yet been considered.Measure-
ments of the velocity of the flame fronts
were made in the diffusion flame by cross
correlation with a double ionization probe.
From measurements of time intervals in three
directions, the magnitude of the velocity of
flame fronts and their direction of propagat-
ion were calculated.The difference between
the velocity of flame fronts and the local
flow velocity measured by Seifert /4/ (Fig.8) is
important. The relative velocity of flame
fronts in the flow is up to 5 m/s. Near the
axis, the relative flame speed direction is
always upstream. At the beginning of the main

— MM




reaction zone (x/d = 40), the movement of
flame fronts in the flow change its sign at

, greater radii, i.e. to downstream direction.
1\ A\

In a premixed flame the movement of flame
fronts in the flow was explained by laminar
1/ \

flame speed /5/. In the diffusion flame, the

relative velocity reaches up to 5 m/s, but

E the maximum laminar flame speed of natural
i gas is only 0.43 m/s. This can be explained )
: by two effects. The preheating of gases 0@
before reaction, which occurrs in diffusion

i flames, increases the laminar flame speed. i
But even with very high preheat temperatures T / __\L_. 1
O the burning velocity does not reach more

: than 1.5 m/s, so this influence can explain
L only a part of the observed values. The
T turbulent flame speed cannot be considered 1 |

' here, since it concerns the mean flame sur-
face and not the real instantaneous flame

- surface which was observed. The second reason Fig. 7.%1: Behaviour of ionization and temper-
) for the great difference of flame front ature with reaction in a stationary fuel-air
i L velocity and flow velocity must be found in mixture (premixed reaction)
D the structure of the turbulent reaction zone. a) Ignition just started
o b) Reaction started and extinguished
- Whereas the flow velocity is measured contin- immediately afterwards
’ uously, the measurement of flame front veloc- «c¢) Reaction propagates to both sides
ity is correlated with the occurrence of a d) Reaction has propagated across the
flame front. But the occurrence of a flame premixed zone and then extinguished

front itself is correlated with a nearly
stoichiometric mixture. The initial fuel T
F O velocity is high and that of the air is low, tuel |
pr but the stoichiometric mixture consists of
. about a ten times more mass of air than mass 7 !
N of fuel. Therefore, the observed instantan- |
eous flame front velocities must be strongly
correlated with the occurrence of flow 1 ! 1
4 1
velocities. )
: Direct measurements of this correlation are 2
- very difficult. First experiments with — © .
3 Laser-Doppler-Anemometry and simultaneous fuel | air fuel ! air
3 ionization measurements show a way to get ! !
: reasonable information on this question, but T T \
- the results of the preliminary measurements f |
X made by now are not yet sufficiently reliable 1 /NL

L

1

air tuel 1 air

-~

b - — - - =

in order to make a clear statement.

CORRELATION OF IONIZATION AND GAS
TEMPERATURE Fig. 7.2: Behaviour of ionization and temper-
ature with reaction in a stationary fuel-air

boundary layer (diffusion reaction)
In addition to the measurements of ionization a) Ignition just started

and the correlation of ionization and flow b) Reaction started and extinguished
velocity, investigations were made to corre- immediately afterwards
late temperature and ionization. Very useful c) Diffusive reaction for a longer period
information can be drawn from those results. of fume

d) Diffusive reaction ceases for a longer
In Fig. 7.1 the mechanism of ignition, period of fume, and then extinguished

propagation and extinction in a fuel-air

mixture is shown. When a reaction front there is hot waste gas present. If the react-

passes the probe, there will be an ionization

peak as well as a temperature peak (Fig.7.1a). 32§t:°g§s“22fixféﬁg?iﬁfﬁg)fhe'e will be hot
When reaction is finishedlin such a front,

the probe will observe only a temperature In contrast to a premixed flame, Fig. 7.2

peak (Fig. 7.1b). When a reaction spreads shows a diffuslonpflame. First there will be
over a premixed zone temperature and ioniz- a sharp boundary surface between air and fuel.
ation signals will be found as shown in Fig. When both gases start to diffuse into each
7.1c. The flame moves to one Oor both sides other and 1gn1te at once, the peak‘ of ioniz-

of this zone, and hence two ionization peaks 544 1
are found. Between those two reaction zones thogz Sgd.t;fgﬁfizgr§1:;: (g:gYe;¥2:§?u%;rt:g
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Fic. 8: Flame propagation and flow velocities
(from /4/ )
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Fig. 9: Instantaneous temperature and
ionization signals recorded at different
points on the flame axis
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Fig. 10: Correlation coefficient of ionizat-
ion and temperature along the flame axis

reaction stops at once there will be again no
difference to a premixed flame (Fig. 7.2b).
But if the reaction goes on for a certain
time, the mechanism will become entirely
different. Fresh air and fuel have to diffuse
to the reaction zone, and hot waste gas moves
away. The temperature is proportional to the
concentration of waste gas and expands in
both directions.The reaction shifts to the
side of the air because the reaction needs
more air than fuel. For this reason, the
temperature profile becomes asymmetric as is
shown in Fig. 7.2c. After the reaction has
died, the temperature profile will stay the
same as in Fig. 7.2d.

There are premixed and non-premixed eddies

in a turbulent diffusion flame as can be seen
from Fig. 9. There are premixed flames which
are accompanied by a temperature step, and
non-premixed flames which are surrounded by

a field of high temperature.

It is to say that the temperature integrates

all reactions along the flow path up to that

point (heat transfer neglected), whereas the

ionization describes the instantaneous react-
ion at the measuring point.

Measurements of ionization and temperature
fluctuations show the combustion progress
along the flame axis (Fig. 10). Near the
burner exit (x/d small) only few temperature
peaks occur which are always accompanied by
ionization peaks. At the beginning of the
main reaction zone the frequency of temper-
ature fluctuations increases more than of
ionization fluctuations, which is caused by
eddies of combustion gases, which do not
react but are still hot. This is expressed
by the correlation coefficient (Fig. 10)
between both. The high correlation coeffic-
ient at the beginning is caused by the
coincidence of ionization and temperature.
This coincidence decreases in the main
reaction zone and the correlation coeffic-
ient becones lower, respectively. The weak




maximum at x/d = 80 can be explained by the
entrainment of cold air into the hot gases
still containing fuel, and resulting in
further reactions.

CONCLUSIONS

Measurements of ionization, velocity and
temperature were made to get informations
of the structure of a turbulent diffusion
flame.

It can be concluded:

- the shape of ionization signals give
answer over the momentary structure
of a flame front in a turbulent
diffusion flame

- velocity measurements with a double
ionization probe show that absolute
flame front velocity is slower than
mean flow velocity, exept in the ex-
ternal boundary zone

= correlation measurements of temperature
and ionization show the characteristic
differences of combustion progress of
the premixed and of the diffusive type.
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ABSTRACT

Flow-visualization has for long been a powerful
tool in experimental studies in fluid mechanics. A
novel technique utilizing \H,-HC1 reaction is pre-
sented and used in order to Study the motion of
large structures in a plane mixing layer and is shown
to be successful. A scheme for studying the inter-
action of the chemical reaction between NO and 0
with turbulence in plane mixing layer is discussgd
and results predicted by Monte Carlo method are
presented.

NOMENCLATURE

(2]

- concentration of species/non-dimensional
product concentration

particle diameter

photodetector output/molecular mixing term
total number of particles per unit volume
greater than a given diameter d

passive scalar

intensity of light signal with absorption
intensity of ligit signal without absorption
by species
reaction rate
rate constan:
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cons<ant
for .\'0-03 reaction

N - rate of nucleation of MidCl

nucl

patii-length of absorption
mass fractior. of species k in the flow
number of particles per unit volume
pressure
probability density function
correlation coefficient/gas constant
rate of NC-J3 reaction
temperaturs:
mean flow v:=locity
velocity ol ti.e flow in transverse direction
molecular weight of species k
distance along mean flow direction
distance transverse to mean flow direction

LY
ratio of reactant concentrations,
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A CHEMICALLY REACTING PLANZ MIXING LAYER

S. V. Sherikar and R. Cievray
Department of Mechanical Engineering
State University of New York at Stony Brook

794
@, - absorption constant
- defined as (%03)2
(),
s - mixing layer width
r - nomalised cross-stream distance
o] - dé
53
T, - turbulent diffusivity
W - defined as Pkf
byl
@ ot turbulent frequency

Subscripts

1 refers to fast streanm
2 refers to slow stream

S}ﬁrscrigts

* nommalized parameters
' fluctuations in the quantity

INTRODUCTION

One of the simplest free shear flows is the plane
mixing layver formed between two parallel streams when
they come together. Substantial work hss been reported
on this in the last decade, whereby some important
features of this type of flow have been brought to
light (although there is considerable scatter in data
from different researchers owing mainly to different
experimental conditions). One feature that has been
considered of great importance by many is coherent
structures and interaction among them put in evidence
in low Reymolds number flows by, among others, Browand
(1). That this was not a phenomenon of transition and
that this mechanism is exhibited also at high Revnolds
numbers was shown by Brown and Roshko (2), Dimot-
akis and Brown (3). With the existing state ot art,

a clear understanding of the nature of the large
structures observed in shear flows seems essential to
the understanding of mechanism of entrainment and
growth of mixing layer,
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Another area which needs attention (and which
has been studied much less)is the interaction between
turbulence and chemical reaction. Although it was
realized long ago that chemical kinetics and turbulent
mixing go hand in hand in the study of many systems
of interest (cambustion, chemical industry, pollution,
etc.), the interaction between the two is not well
understood. Most of the time complex turbulent flows
and complex chemical kinetics are investigated and
then getting even a clear qualitative picture of these
systems becomes difficult.

Important parameters controlling the turbulent
mixing of two chemically reacting species are the
velocity ratio, the Revnolds mumber, the enthalpy
ratio, the reaction speed number and the concentration
ratio. Velocity ratio has been known to influence the
growth of the mixing layer and through this affects
the chemical reaction. The Reynolds mumber cames into
the picture because the smallest turbulent length
scales can be related to its actual value. Its role
in turbulent reaction, however, is not clear yet.

Shea (4) concluded that increasing the Reynolds mum-
ber for a turbulent jet has no systematic effect in
product concentration whereas Konrad (5) found a 25%
increase in the rate of mixing of a two-dimensional
mixing laver above a certain critical value of the
Revnolds mumber. The enthalpy ratio, defined as the
ratio of the reaction generated enthalpy and the
initial enthalpy of the mixture, defines the importance
of exothermicity of the reaction. The reaction speed
number (also known as Damkohler mumber), is the ratio
of the time-scale responsible for turbulent mixing to
that of the reaction. Whenever this ratio is large,
mixing controls the overall process and vice versa
for small values of it.

Theoretical approaches in dealing with this pro-
blem are many, but none that is completely satisfactory
ma:nly because of closure problems. Formal treatments
of turbulent reacting flows with large reaction speed
numbers are on fims grounds (Toor (6), O'Brien (7),
Bilger (8)) relating them to inert species mixing.
Probability methods Dopazo (9) allows for the exact
treatment of the turbulent reaction rates and are
very advantageous when dealing with a few chemical
species. Developments on the conditioned formulation
by Libby (10) and Dopazo (11) and their application
to fast chemical reactions in turbulent fields pemmit
determination of the local average turbulent reaction
rate, once a few conditioned characteristics are
experimentally obtained. Monte Carlo technique
developed by Pope (12) seems computationally efficient
and promising since it can handle a large mumber of
chemically reacting species but its accuracy depends
on precise knowledge of initial conditions.

EXPERIMENTAL FACILITIES

A study is being conducted in a wind-tumnel in
which two parallel streams of air are kept apart from
each other prior to their mixing in the test section.
They can thus be seeded with different chemical species
to study their reaction occurring in the test section
which is 25 an x 100 am long (x 15 an wide), With the
velocities used this corresponds to a maximm Reynolds
number of 250,000 (based on velocity in the fast stream
and maximm distance downstream). Honeycambs and
screens are placed in the flow to reduce the turbulence
intensity and cut the large scale structures at the
inlet of the test section, Initial tests revealed

that the boundary layer on the splitter plate was
laminar with momentum thicknesses of 0.6 mm and 0.9

mn in fast and slow streams respectively. The splitter
plate made out of 1/16" thick stainless steel plate
was tapered over 25 an length to 0,05 mm thickness

at the trailing edge. Velocity profile in each sec-
tion was flat with variations less than 1% when
measurements were made with blowers. In addition, an
inert gas delivery system was set up to study reactions
in which the reactants could react with any of the
constituents of air. This system delivers high purity
nitrogen fram eight bottles simultaneously so that
large flow-rates could be obtained. Fur the study of
the NO-0, reaction, since the quantities of reactants
are largé and it is not feasible to put an ozonator

on line, we stored ozone in special containers after
it had been generated in the laboratory using the
T-816 Welshbach ozonator. The species NO, when re-

quired, is obtained from bottles commercially available.

Velocity measurements were made using a DISA LDV
modular system and the flow was seeded with silicon
oil droplets 0.8 mm in mean diameter using a TSI 9306
atomizer. The data acquisition system consists of a
PDP - 11/23 minicomputer having 128 KB of RAM with
extended memory support. The camputer is operated
on RT-11 software using extended memory monitor. The
system is equipped with a real time programmable clock,
4 channel A/D converter (12 bits), D/A converter and
direct memory access. The peripherals include a dual
density floppy disk drive, a 20MB Winchester disk
drive and a magnetic tape unit with 800/1600 bpi/
45ips capability. Since runs of I minutes with samp-
ling at 50 kHz for 4 channels results in a memor,
overflow, data transmission to the disk is done
simultaneously with data acquisition through buffer
tables.

FLOW VISUALIZATIN TEQINIQUE

Although NiI,C1 is known to form dense white fumes
little effort hds been directed in assessing different
aspects of NH,-HC1 reaction and its applicability for
flow-visualiz3tion. While the reaction is very rapid
and mixing limited at room temperature, the actual
smoke formation can be attributed only to condensation
and growth of particles described by colloidal chemis-
try of NH,Cl1. The generation of solid particles of
IwH4C1 can be written in terms of following equations:

Ni; + HC1 ¥ w0 , k=2x10Y7 ¥/

s
(q+1) NI14C1 (gas) ~ (NH4C1) (solid)
q+l

The first reaction is a chemical phenomenon while the
second reaction is a physical process involving homo-
genous nucleation and definite growth of NH,Cl, pos-
sible when the particles have (q+l) or more monomers.
Particles with q monomers are as likely to grow as

to disintegrate, and particles with less than q
monamers tend to go back to molecular form. The

value of q has been cited as 7.5 by Heicklen (13).
gravitational settling, wall-deposition and coagulation
are unimportant in the condensation of m4c1 vapors.

The particle number density can be estimated fram
the rate law for nucleation given by Heicklen
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The smoke generated by formation of NH,Cl is then
poly-dispersed, the particle size dist#ibution being
dependent on the extent of mixing and time. It is
expected that if F(d) is the total number of particles
per wnit volume that are larger than a given diameter
d ang N(t) is the total number of particles at time
t, then

F(d) = N(t) e‘“

where C is weakly dependent on time, except for ear-
liest reaction times. Estimates of particle size in
the range 0.01um to 0.6 um in the study reported
seem reasonable. Furthermore, relaxation time for
the largest NH,Cl particles_sxpected. i.e, 0.6 um,
is of the orde# of 1.7 x 10 © s which implies that
all the NH,Cl particles can be expected to follow
the flow fdithfully.

The use of this reaction to observe coherent
structures in shear flow proved valuable as can be
seen from plates 1 to 4. Theyv represent three sets
of flow-visualization experiments. In the first one
(a typical sequence shown in plate 1 § 2), the reac-
ting species were seeded only at the edge of the
splitter plate just before mixing so that only thin
layers adjacent to either side of the splitter plate
were seeded with reactants. The purpose of this was
to studv the motion of large structures (marked by
dense white fumes of “H,Cl) and transport of a
chemically inert quam.i%y, in this case, NH,Cl, which
is possible since reaction is essentially cémplete
very soon after the edge of the splitter plate. In
the second set of experiments on flow-visualization
(plate 3) the reactants were introduced into the flow
facility by passing compressed air over concentrated
solutions of reactants in waters and injecting this
in the two streams separately. Hence the two streams
were uniformly seeded with reactants by the time the
gases reached the test section. In the third set of
experiments (plate 4), the reactants were introduced
just before the two streams entered the test section
at positions 1.25 cm above and 1.25 cm below the
splitter plate. This permits observing the large
structures after the mixing layer becomes larger than
a certain width. A 16 mm movie camera was used to
record this using typically 4x Kodak film.

NO - 03 REACTION

It is intended to explore the effect of tur-
bulence on chemical reaction and the mechanisms of
mixing in plane shear flow by seeding the two streams
with NO and 0, respectively and monitoring the
chemical reaction between the two species in the
mixing layer. Air is unsuitable as carrier gas in
this case since NO reacts with oxygen at room tem-
perature at moderate rate. Also, presence of any
moisture is undesirable since the product NO, combines
with it immediately creating problems in the“mea-
surement of NO, concentration. A good choice then is
high purity ni%rogen comercially available in bot-
tles.

3.9

Plate 1: Growth of plane mixing layer. NH,OH and
HC1 brushed on either side of splitter
plate. UZ/U1 =0.76

This particular reaction,

NO*OS-'NOZ*OZ*hv
is chosen for several reasons. It is well-documented
and its homegenous chemical kinetics is well-known;
it is simple, second-ordered, fast (mixing limited)
and irreversible at room temperature; for low con-
centrations the heat release effects are negligible;
and most important, even at these low concentrations
detection and measurements can readily be done using
absorptions at 253.7mm and 435.0 mm respectively.
The absorption law

in (TI—) = o, [c]L, where
o
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Plate 2: Growth of plane mixing layer. NH,OH and Plate 3: Growth of plane mixing layer. The two
HC1 brushed on either side of splgtter streams seeded uniformly with N, (H and
plate. UZ/UI = 0,57 HC1 respectively prior to mixing.

U,/U, = 0.50
2’1
I, 1 P intensities of sighal with and without, Table 1: Absorption Coefficients for Different
resp., absorbing species Species in NO - 03 Reaction ( -1 |
[c] - mean concentration of species along . a8
absorption path A ies] NO 03 No, 0, N,
L - path length of absorption
ag - absorption constant 1£3.0 m 0 |05 | 01401 | -

is exploited in monitoring the concentrations of the ggo : ,é ,1,3 gg ;0 :8

two species NO, and ()é in the mixing layer. Table 1 :

lists the absofption foefficients of the species
involved in the reaction. The corresponding signal-
to-noise ratio for ozone concentration measurement
is 8S.




With E being the output of the piotodetector
with no absorbing chemical species,

EorogldL

where AE is the attenuation in photodetector output
due to absorption by the species. This linear
relationship has been verified experirentally with
species .‘JO2 ana 03 indepenuently.

The actual concentration measurements are made
with a specially designed fiber optics probe which is
a refinement of the technique used by Brodkey (14)
and Batt (15). The probe consists of two stainless
steel tubes of lmm outside diameter with 90° bends
and separated by lmm gap. These tubes carry very
pure fused silica optical fibres 200ur in diameter
bundled in lmm diameter extension cables. The fibre
bundle is illuminated by a 100 W short-arc mercury
vapor lamp and the signal at the output end is de-
tected with BMI 9781B photomultipliers. A reference
channel tracks any drift and fluctuations in the
intensity of the lamp, which is important because
tie level of concentration signals being low, there
is more stringent demand on accuracy of measurements,
Fig. 1 shows a schematic of this arrangement.

This scheme, although intrusive, allows simul-
taneous instantaneous concentration measurements of
O, and NO,. Computation of microscale of the flow,
bésed on infomatian on plane mixing layer available
in existing literature, reveal that probe dimensions
are of the same order of magnitude as the Taylor
microscale of the flow under investigation. Hence
it is reasonable to expect good measurements of
concentration fluctuations to be made in this flow.
Together with the LDA this system provides a feasible
means of making measurements of joint statistics of
velocity and concentration in the mixing layer.

PREDICTED RESULTS

Using Monte Carlo method (12), calculations were
performed for the turbulent mixing layer with high
speed stream carrying NO and slow speed stream carrying
0;,. The velocity field is first computed by solving
bgundary layer equations using finite difference
method.

* Since there are four species involved in the
reaction, four equations for species transport can
be written and because they are linearly dependent
they can be replaced by just two equations - one for
a conserved scalar f and other for a non-dimensional
product concentration. A complete statistical des-
cription of the scalars in the flow is then provided
by the joint pdf of f and ¢, p(f, <, x, t), defined
so that p(f, c) df dc is the probabiTity that f and
¢ are in the ranges

Fecf<fa+af
and S<c< ¢+ dé

o

, where ¢ = 2
T

)
32

For two dimensional boundary laver flows, the modelled
joint pdf equation (16) is,

3 3p _ ? 3p , 3 r- -
<w g-g + -aﬁ *37 T %‘)E + %2 [PELSH(E,0). ¢
utE(f,C) (1)

In this equation 8 = (Z,) / (Z,)_
32 "2 2

S* is given by

e e
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Fig. 1: Optical System (schematic) for monitoring concentratiaons of NOz and 03
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s* (f,c) = (o f-c) (1-f-c),
S is the chemical reaction rate and o is defined as

Pkf
W= T kf - rate constant
Also,
as (ZNO)I subscripts 1 and 2 for fast and
T slow streams respectively
057,
o for species k being defined
Z, =™
k
where and W, are mass-fraction and molecular weight

respectlvely fOr species k. t_ is the turbulent
diffusivity (gradient diffusiof model is assumed),
turbulent frequency w, represents rate of molecular
mixing and E represen%s molecular mixing term which
is modelled by Curl's model

E(f, ¢) = 4 j J p(£+£% Toct)p(f-£4, C-c*)

df* de* - p(f, ©

The rest of the temms in eq (1) are exact.
The joint pdf equation can now be cast in

dimensionless form by defining the following nor-
malised parameters

x¥ = x‘jm/U1
Tz V/5
o = x (gf—() = X0

< Ulx, y) > =U* (1) U

< V(x, y) > = V*() U
T, (x, y) = -r: ™) UIG

(ry ¢
1

oy (x, ) = o

pE e, x, y) =p* (], ¢, x2, 1)
The transformed pdf equation is:

x* oU* 3p* + (V* - ToU*) ap* = 3 1% Jp* +
on = Twt w
xto 2 (p* S* (F, ©)) + uf E(E, ©)
® @

McanbeseenU,Uz,B and w do not appear and U*
Ve, r:, w?® and o*are“determined by the velocity rat}o
u /U1 alofle. The chemistry enters through the source
témls* (f, ) which depends on the conditions only
through the concentration ratio a. Thus the solution
to eq (2) depends only upon two dimensionless ratios

3

The absolute value of U, and 8 determine the scaling
factor for downstream dstmu X,

X = x* Ul
(Ba)

The solution for this was obtained using Monte Carlo
method for 0 < x* < 900 and for a = 2 and U,/U,=0.3.
The results are shown in Fig. 4 which will Be dis-
cussed in details in the next section.

RESULTS AND DISCUSSION

From plates 1-4 it is clear that this novel
technique for flow visualization can be very useful
in understanding the nature of coherent structures.
These piciuns: lesarly underline once again the
importansy ¥ e élioned sampling in shear layer
measurant.s

Lirz'tw viig %33 entraimment in the mixing layer
are n* wises v oures that can be observed in these
photograni . ¥ un the studies conducted it can be
reafivagei c¥oausively that pairing of large
stcturdy 53 #&ssential for growth of mixing layer -
p.ase - xta L, /Uy = 0,76 showing no signs of pairing
heviugn ¢ Maeafit ;tructures and very small rate of
yianS ¥ aixing layer against plate 2 (U,/U,=0.57)
Sagwd sg @ pairing sequence and a larger g;ms‘lh of
mixing layer. The average size of coherent structures
when plotted against distance downstream for three
different velocity ratios (Fig. 2) is representative
of dependence mixing layer growth rate on velocity
ratio. Another characteristic that can be seen in
Fig. 2 is the systematic decrease in growth rate of
average size of coherent structures after certain
distance downstream, in this case about 65 an. This
is probably because the effect of stretching in the
mean flow direction is felt very little when the
structures are small and much more at large distances
downstream where size of these structures is large.

From plates 2 and 3 it can further be suggested
that entraimment in the early part of the mixing
layer has contributions from two mechanisms - the
major one being the process of engulfing fluid in
the surrounding stream and then making the ingested
fluid turbulent within the vortex. Small contributior
comes from the oscillating interface connecting two
large structures where nibbling seems to occur. Also
from plate 3, it seems as if the fluid from the fast
stream is engulfed first and while it is being made

e
1 S WY, B
— Y

- r—— —
» L] hd »

" an .
Met@we mm ca @ s

Growth of size of coherent structures in
plane mixing layer

Fig. 2:
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Fig. 4 to 7 with definition sketch shown in Fig, 3.
Fig. 4 and 5 show calculated profiles of <c(n, x*)>
for .1 < x* < 900. For x* > 100 the profiles are

Ui

:9-""_/

ﬁ/
U2

.

Fig. 3: Definition sketch
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. Fig, 4: Mean concentration (normalised) profiles
UZ/U1 = 0.3, ‘CNO-JI / LCO_‘S}Z =2
virtually coincident indicating that chemical
] equilibrium prevails. Finite reaction rates seem
‘ important in the region 0.3 < x* < 10, It can also
: be seen that profiles for < ¢( "¢X*) > assuming no
i turbulent fluctuations are tvpically 20% higher. This
¢ is hardly surprising because this reaction being ''fast"
the probability of coexistence of reactants is very
Plate 4: Growth of plane mixing layer. NH, and MCl small and since reactiort takes place because of
injected 1.25 cm above and 1.25 ot below contact at molecular level one could think of a
splitter plate just before mixing. reaction surface, the frequency of crossing across
U,/U; = 0.48 which directly determines rate of product formation.
In this case ;m, orrelation
’ ) ) coefficient [Cy ] ICyo) / [Cq 4yl is expected to
- turbulent the fluid from slow stream is surrounded . 3 : t} ; :
v next. The mixing between the two then is observable be negative, and in a sense tdrbulence reduces the
if reacting species are present in the two streams mean rate of chemical reaction (17).
{as in plate 3). Nothing much can be said about Fi 4 . f'z 02
Plate 4. The large structures appear more turbulent h1g. 6 and 7 show profiles of <f'°> and <c’*>
in this case because of the two wakes in the two and the correlation coefficient
:::::;ns caused by plates from where the flow was RCT'E et (< f.z> <c’2>}' 1/2

Results of Monte Carlo calculations are shown in  at x*s3 and x*=300. The profile of <£'% which is
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Fig. 5: Mean concentration (normalised) profiles
assuming no turbulent fluctuations.
U,/u; = 0.3, [Ql; / [c03]2 =2
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The correlation coefficient R . is virtually the
same at x* = 3,0 and x* = 300 and the absolute values
are surprisingly high on both edges of the mixing
layer.

CONCLUSION

Fram this study the following conclusions can be
drawn:

(1) A novel technique is developed for flow
visualization in flows in which main stream is air or
any colorless gas that does not interfere with
Mis - HC1 reaction.

(2) It is possible with the fibre optics probe
and LDA to make simultaneous measurements of con-
centrations and velocity to obtain joint statistics
of the two fields. This can then be compared with
the results predicted by Monte Carlo method.
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ABSTRACT

To characterize the behaviour of a turbulent
diffusion flame above a solid surface in a chanrel
flow we designed and built an experimental device.

Th- self-sustained diffusion flame was obtained by
iujecting through a porous wall a gaseous fuel into

a mainstream of air. Velocity, temperature and turbu-
lence profiles were obtained by laser doppler veloci-
metry and compensated thermocouples measurements. We
developed a q-e¢-g turbulence model and a probabilistic
combustion model. Agreement between theory and experi-
ment is particularly good for temperature and veloci-
ty mean values. The velocity overshoot is well pre-
dicted, though at the present stage the model can't
explain all the phenomena experimentally observed
(low frequency oscillations, .....).

INTRODUCTION

For several years we have been involved in our
laboratory with the study of gas-solid combustion ;
our interest being phenomena occuring during fire
propagation and inside solid rocket chambers, mainly
relationships between burning rates and parameters
characterizing heat, mass and momentum transfer.

The model we considered is a reacting gas flo-
wing over a slab of solid material which behaves as
a reacting surface. The experimental study showed
(I, 2) : the dependence of combustion rates, fluxes
at the wall on fluid dynamics and thermodynamic pro-
perties ; and the influence of combustion and blowing
of gasified solid on the turbulent boundary layer.

In gas-gsolid combustion the experiment duration
is always too short (only a few seconds) to charac-

terize the behaviour of the turbulent diffusion flame
above the solid surface. Therefore to study these
self-sustained diffusion flames, we designed and
built an experimental apparatus to simulate partly
these phenomena. The diffusion flames were obtained
by injecting through a porous wall a gaseous fuel (%)
into the turbulent main stream of air (G,) for diffe-
rent ratio F = @/C equal to those observed with gas-
solid systems.

EXPERIMENTAL METHOD

The experiments have been carried out using the
| which includes

apparatus described on Fig.

1. A gas feeding installation (insulated and prehea-
ted connecting pipes, flow meters, .....).

2. A square duct combustion chamber : 0.03 mx0.03 m

cross section and 0.4 m long. The fuel was injec-
ted through a sintered stainless steel porous wall
of dimensions 0.03 mx 0.3 m.

3. A fluidized bed aerosol generator to disperse solid
powders (1 u 2irconium oxide) for flow seeding.

3.16
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4. A LDV system (He-Ne |5 mW laser, optics with
Bragg cell, photomultiplier, counter, spectrum
analyser, oscilloscope, .....).

5. Compensated thermocouples and Pitot tubes.

6. Data acquisition and processing (minicomputer,
interfaces and peripherals, .....).

All the experiments were driven by the minicom—
puter in order to obtain nore reliable and accurate
measurements.

Data processing was ione taking a relatively
large sample of values (N). We obtained the mean
velocity u, and its turbulent fluctuation ¥ comsi-
dered equal to 1/2 u'2 :

_ N _ —_ N 2
u=1I/N.Zu, k=1/2u'2=1/2N.% (u-u,)
p * 1 1

To obtain a random probability density functiom
or "pdf", we plotted the number of informations
i(Ei = N) data processing as a function of (u-u)/

(u_'z-)”2 for different coordinates x and y. The same
procedure was used for temperature obtained by means
of fine (25 and 50 y diameters Pt -Pt/10 Z Rh and

chromel-alumel wires) thermocouples, giving as before

T, T'2 and the "pdf". Temperature fluctuations were
obtained by means of analogue compensated thermocou~
ples. Radiation losses were measured and taken into
account.

THEORETICAL STUDY

. Turbulence model. The flows considered inclu-
de low Reynolds number pipe flow with wall injec~
tion. The model of turbulence employed is one where
the turbulence energy q and its dissipation rate ¢
are calculated by way of transport equations which
are solved simultaneously with the conservation
equations for the mean flow. The closure of Reynolds
stress and dissipation rates equations have been made
considering the direct influence of viscosity and
transport processes (3). The hydrodynamic predictions
have been obtained from the resolution of he follo~
wing system of differential and auxiliary equations.

Streamsise momentum :

Bu_ 3 du _ ——r, __dP
+ pv 3y — (u 3y pu'v

" du
P Ix

(1]

Turbulent viscosity hypothesis :
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2
- pu v = vp g; - C“I p—,&-— gl; [2]
vhere : Cu = 0,09 [3]
Yae- 2w e ap? (4]
W * .

Turbulence energy :

29 2q 2 3q
pu =+ v 3y 3y [(u*u.l.) y]

]
1/2 2
w2 3
*“T(ay) pe = 2u ( oy ) [5]
Turbulence dissipation rate :
A a
" LI ov 3 _ _29 [ T ) ¢ 1
Pu =3x 3y Iy T Ty
o a2 up 2 2
€ 3u € T ,3°u
+ 1.44 . “r(ay) 1.92 o = 32)
y
[6]

model. The Shvab-Zeldovich formulation together with
a linear combination of the equations describing the
conservation of species yield an equation which has
no source term. The dependent variable, the mixture
fraction ¢, of the resultant equation is defined as :

(qu - n‘ox) * %o

X @«
6= vm +m * (71
fu,s ox,®

using the Boussinesq assumption :
-pu'e' = vp 3¢/3y (8]

The differential equation for ¢ can be written as
follows :

29 3 .2 Vr 3¢
pu — =+ ov %y Sy [+ -5 ay] (9]

Then, the assumption of instantaneous chemical equi-
librium gives :

0« ¢ < ¢St Illf“l = 0 mox - mOX," [l - @/Qst] [lO]
3
$ - ¢
st |
°st $osl mfu = mfu,s T -~ mc:ax =0
st J
¢st - mox,«-/(mfu,u * qu,n) il
®in " Pin,e * *®ine T Uig,e)
(12]
m_=l-m_-m -m
pr ox fu in

as :
T
h-h -m . f c 41 [13]
ref fu ¢ T Pain
ref
where C =Lm C and h, is the heat of com-

Pmin § 1 Pj
bustion per kg of fuel.

Assuming equal turbulent exchange coefficients
for diffusion of species and heat, the specific en-
thalpy is simply obtained from :

h=h ¢+ (1=¢h, [14]




without the need to solve its balance equation. The
temperature is obtained from the above enthalpy defi-
nition and the density via the perfect gas law.

. Combustion model. SPALDING (4) was the first
to assume that the root mean square fluctuating con-
centration obeys a parabolic differential equation
including convection, diffusion, generation and dis-
sipation terms. BRAY and MOSS (5) presented a unified
statistical analysis of the premixed turbulent flame
supported by a single step global reaction. LOCKWOOD
and NAGUIB (6) adapted this method to the prediction
of free round turbulent jet diffusion flames. They_ 2
proposed the following balance equation forg= (¢ - ¢).

__Jl_ . ._.ﬁ_ -0 T _23g
pu pv ( )
y °g,ef£ y
+ 2.8 (-3;‘)2-1 82 cc —B- (15]
. LI 3 . foll 4 q

In the range 0 < ¢ < 1, the probability dist:i-
bution function is assumed to obey a normal distri-
bution. TAMANINI (7) used a "pdf" generated by the
combination of two parabolae. BORGHI and MOREAU (8)
for premixed flame, approximated a gaussian-like
profile bounded by two Dirac delta functions ; the
gaussian profile is approximated by a rectangle ;
the delta functions appear for the value ¢ = 0O and
¢ = 1. CHAMPION (9) made the same assumption to
study a two dimensional probability function. In this
work P(¢) is defined by the rectangular approximation
as shown on Fig. 2.

-
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In the range § < ¢ < n the mixture fraction fluctua-
tion is assumed constant. The umwanted parts of the
distribution for ¢ < 0 and ¢ > | are lumped into Dirac
delta function of ¢ = 0 and ¢ = 1. The "pdf" may be
expressed as :

P€¢) = ad(0) + 86(1) + ylute ~¢€> - u€s =-nd] [16])
where u€¢ - 8% is the HEAVISIDE function so that the
expression [u€¢ - 6% - u¢¢ - 3] has the value ] in

the range § < ¢ < n and zero elsewhere. These charac-
teristic parameters a, £, v, ¢, n are computed from

the mean value of ¢ (¢ is simply the first moment of
the "pdf" about ¢ = 0) and of g the second moment

sbout ¢ = ;. The mesn mass fraction ;j' temperature

T, density p are computed by an analytical integra-
tion of the following linear equations.

- n

w. =am . +B8m, + . d 17

5 5o i .8 fsvmj ] [17]
_ n

TeeT vBT ¢ s vTa [18]
_ n

o =ap *E 0g * I vy¢ d¢ [19]
[

RESULTS

Under appropriate conditions (limited by flame
blow-off) of uniform air mass flow rate G, and of

fuel mass flow injection rate f, a stable turbulent
two dimensional diffusion flame was established in
the boundary layer over the porous plate.

Without combustion, Fig. 3, the agreement_bet-~
ween theoretical and experimental results for u and
q is quite good and the influence of blowing is con-
sistent with previous work. Then, the turbulence
mode]l used seems particularly well adapted.

With combustion, Fig. 4 and 5, a marked feature
of the mean velocity profile is the appearance of a
velocity overshoot that exceeds the stream mean velo-
city as for laminar flow. This overshoot can be di-
rectly related to the enhancement by combustion of

the source term of the momentum equation : 5 dx .

Starting from the porous wall, q decreases for same
distance and then increases drastically up to a cer-
tain location which could be assumed to be just above
the flame "position". The location of this minimum
and maximum of q and the flame stand-off distance
increase with . The turbulence intensity behaves in
a same but less marked way. Far above the flame we
have a dissipation of q and of turbulence intensity
to their value at the center line. For temperature,
the profiles are very similar tc those obtained for

velocity at the same location. A minimum of T'2 cor-

responds to a maximuwm of T which may correspond to
the flame zone. There is a good agreement between

theory and experiment for u and T. For q, the agree-
ment is only good below the flame. We can predict the
decreasing but not the peak value just above the
flame. The discrepancy could be related probably to
the experimentally observed low frequency oscilla-
tions or to non-stationary boundary conditions.

Fig. 6 shows for a given x location the varia-
tion across the boundary layer of the probability
density function of fluctuating velocity. Increasing
y we observed for both u and T different shapes for
the "pdf" : in the flame and below the "pdf" has only

one peak, some distance above where u'Z and T'2 are
maximum the “pdf" has two peaks, and further away
only one peak sppears. The temperature spectrur ana-
lysis showed 8 low frequency sequence (a few Hz) of
hot and cold "peaks". The amplitude of these oscil-
lations is minimum in the flame zone and maxioum

where U'Z and T'2 are maximum. _
On Fig. 7 we plotted the u and T profiles for
three x locations in the flow direction. The maximum
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mean velocity increases with x but T-n seems nearly

constant. The presumed flame stand-off distance in- v
creases also slightly with x. » 100 theoraticel velure
The theoretical model can fit relatively well Sop ot ’°°_J
the experimental data obtained for u and T with and :::: ::-3 _— -
without combustion but can't explain, at the present v ’:l o -

stage, all the phenomena experimentally observed
(low frequency flame oscillations, peak value for q
above the flame, discrepancy between theory and ex-
periment for q and turbulence intensity in the core,
2 vesss)e Meanwhile, as this model can predict the
; phenomena below the flame it can be used to charac-
i 7 terize gas solid turbulent combustion, to obtain the )
’ heat flux at the wall and then the mass burning rate.

ret910"

experiswntal valuse

restio? o

i

. 1 60C Wi T K |
e Fig. 5 : The flame "stand-off distance" increases
."_ slightly with o.
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Fig. 3 : Without combustion : the velocity gradient
end I, increase with o.

4w theoreticel velues Fig. 6 : Probability density function of fluctuating
i e velocity.
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Fig. 4 : For a given F, the shape of the velocity pro~ !
files is less dependent on & with combustion
than without.
Fig. 6 bis : Probsbility density function of fluc-
tuating temperature. i
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Fig. 7 : Theoretical velocity overshoot, maximum mean Fig. 9 : Influence of fuel mass fraction on mean ve~
temperature and flame "stand-off distance" locity and temperature profiles (wall fuel
increase with x. mass fraction fluctuation may explain flame

position and velocity overshoot oscilla-
tions).
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Computation and its Comparison with Experiments
of Time-Mean and Fluctuating Properties
in Round Jets with and without Flame
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ABSTRACT

Numerical predictions are compared with experi-
mental results of flow velocity, gas temperature,
species concentration together with the fluctuation
properties such as kinetic energy of turbulence and
correlation of velocity and temperature fluctuations
in turbulent jets with and without flame. It indi-
cates the validity of the two-equation k-£ turbulence
model with a modificatien for the low Reynolds number
effects due to the existence of flame in the lower
fuel jet velocity. Effects of the density fluctuation
are discussed to imply that neglecting the density
fluctuation gives a fairly good approximation for the
prediction of the present flow and combustion charac-
teristics.

INTRODUCTION

The numerical prediction of the flow and combus-
tion characteristics in turbulent diffusion flames is
one of the subjects of current interest. There have
been analytical studies [1],[2] for developing the
prediction procedure for turbulent diffusion flames
along with the experimental studies [3).

The validity of the prediction procedure must be
verified by the comparisons with the experiments be-
cause the prediction procedure includes semi-empiri-
cal turbulence model and reaction model in turbulent
flow fields. The comparisons are desired of the fluc-
tuating properties as well as the time-mean proper-
ties because they are directly concerned with the
turbulence model.

The experimental data used for the cowparison
with present calculation are based on the measurements

of our own which are planed to include time-mean axial
flow velocity, temperature, species concentrations and
statistical properties of fluctuations such as kinetic
energy of turbulence and correlation of velocity and
temperature fluctuation in turbulent jets with and
without flame.

Experimental results are compared with the calcu-~
lated ones which are based on the two-equation k-t
turbulence model paying special attention to the fluc-
tuating properties. Effects of the viscosity increase
and the density fluctuation due to the existence of
the flame are also discussed.

EXPERIMENTS

The experimental data used for the comparison
with calculations are based on the measurements in
the turbulent fuel jets with and without flame issu-
ing vertically upward from a round tube nozzle of 4.9
mp inner diameter. The fuel of the nozzle fluid is
the mixture of hydrogen and nitrogen whose volume ra-
tio is 0.68 : 1. The average velocity Uy of the fuel
jet at the nozzle exit is selected to be 20.4 and
55.7 m/s which is surrounded by coaxial air stream of
uniform velocity of 5.1 m/s.

The experimental data include time-mean flow
velocity, temperature and species concentrations with
statistical properties of fluctuations such as turbu-
lence intensity in axial, radial and circumferential
directions, correlation of velocity fluctuation in
axial and radial direction UV, correlation of radial
flow velocity and temperature fluctuation VI and
length scale derived from the velocity or temperature
fluctuation.

Time-mean and fluctuating velocity were detected
by a laser Doppler velocimeter equipped with a Bragg
cell for a frequency shift and a frequency tracker.
The fluctuating temperature were measured by a thermo-
couple (25.4 um in diameter) compensated electrically
for the time la; due t> the heat capacity. The gas
species concentrations were analyzed by a gas chro-
matograph after gas sampling by a water-cooled sampl-
ing probe.
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The details of the experiments are in [4],[5].
ANALYTICAL PROCEDURE

The calculations are based on the time-averaged
boundary-layer-type conservation equations of mass,
momentum, energy and chemical species in axisymmetric
coordinate system.

%(rpu) + a—a'_(rpv) =0 (m
O(U%(u M V%) = gx ]Fair(rueff ar) - °9 (2)
U+ Vi = S sT B v vy @

where x or r = axial or radial coordinate, U or V =
velocity in axial or radial direction, h = enthalpy,
m; = mass fraction of J species, Lgf¢ = effective
viscosity ( = laminar viscosity u) plus turbulent
viscosity ug), p = density, RJ = reaction rate of J
species, Oy or Op = turbulent Prandtl or Schmidt num-
ber.

In order to evaluate the turbulent viscosity,
k-¢ turbulence model is applied. Kinetic energy of
turbulence k and its dissipation rate € are calculated
from the following transport equations [6].

ak
3¢)

)
eff k) , by (2 2 (5)

2k U
plugg + Vv ar)

129
T ot

r—— =) + %{C]ut(g%)z - Cyoe} (6)

3¢ 3e
D(Ug; + Vg;)

where Cj, C2, Oy and O, are empirical constants. The
turbulent viscosity is evaluated by the expression,

wp = Cp v - ok?/e (7)
f2 01 - exp (- R/ANP (8)

where, Ry = DkZ/Eul which 1s a kind of local turbu-
lence Reynolds number, Cp and A = empirical constants.
The factor f; 1s introduced in the present calculation
to modify the Prandtl-Kolmogorov expression of u, = ¢
Cp. k2/¢ for low Reynolds number (not fully turbulent)
flow. The existence of flame results in the signifi-
cant increase of the kinetic viscosity due to the
temperature rise and induces local laminarization {7]
especially in low fuel jet velocity. These low Rey-
nolds number effect is taken into comsideration by
the empirical factor f1. The expression of fj in
terms of Ry (= (ut/ul)}cn ) and the constant A (=30)
is selected so that fy tends to unity and eq.(7) is
equivalent to the standard Prandtl-Kolmogorov expres-
sion for high Reynolds number flow (u¢/u1>> 1). The
empirical constants in egs. (3)~(7) are selected to be
as follows. Cp = 0.09, C; = 1.45, C; = 1.95, 0oy = O
= 0.7, o ®= 1.0, 0¢ =1.3. They are selected referring
to [6],[8]) and as for Cy, taking into consideration
the optimization for the fit of the prediction with
the present experiments.

The gas species considered sre the main species
of reactants and products of N, Hy, H20 and 02. The
one-stage reaction of H2 + 02/2 = Hy0 is considered.
Four species conservation eqs. (4) are converted into
the following two differential equations and three
algebraic equations based on the stoichiometry of

the reaction and the assumption that effective Schmidt
number is the same for all species.

af . oAf. _ 1 3 Meff 3f,
P * %) "t o, 3r @

p(ViR2 4 v%z) - 1.2 ueff 3y | Rg, (10)

ax Tt I’ og et
Bgp = 8wy, + (my, o - £(Blmy,lp + (%, 10 (11)
mp0 = 9wy, lp - 9m, 12)
=, = 1- %5, ~ %0, ~ M0 13)

f is the so-called mixture fraction which means the
mass fraction of the nozrle fluid. Suffix of F or O
means the value at the nozzle fluid or surrounding
air, respectively. Reaction rate Ry, in eq.(10) is
evaluated by the eddy dissipation ugdel [9] which
postulates that reaction rate is proportional to the
turbulent eddy dissipation rate. Calculations were
also tried in the case of the infinite reaction rate
wvhich leads to the flame sheet model.

Gas temperature is calculated by the relationm,

h §n3 ITQCPj dT + ¢ mylgy 14)

vhere Tg = reference temperature, C.p = constant
pressure specific heat of § species, ﬂoj = gtandard
heat of formation.

Density is evaluated from the ideal gas law.

The above differential equations are solved
numerically using a finite difference method based
on the procedure developed by Patankar and Spalding
[10]. 60 grid points are located in radial direction
at nonuniform intervals.

Boundary conditions are selected to correspond
to the experimental conditions as much as possible.
Initial profiles of k and length scale of turbulence
% (¢ is obtained by € = CDkl- /2 ) at the exit of the
fuel nozzle are given by quadratic profiles similar
to that predicted in the fully developed fuel noz:zle
flow by the same k-¢ turbulence model where thin lami-
nar layer is neglected. Length scale in the surround-
ing air stream is given to be 0.0l times the radius
of the throat of the air stream. The selection of the
length scale in the surrounding air stream is not
sensitive to the calculated results.

RESULTS AND DISCUSSIONS

Comparisons of the experimental results and
calculations are made. Plots and solid lines in the
Figures are experimental results and calculated ones,
respectively unlesgs it is noted.

Non Reacting Flows

In Figs 1 to 5, axial and radial profiles of
experimented and predicted flow velocity in axial
direction U, gas concentration, kinetic energy of
turbulence k and cross correlation of axial and radial
velocity fluctuation GV are compared for the case of
low and high fuel jet velocities (U; = 20.4 and 55.7
®/s) without flame. The condition o; low or high ve-
locity without flame is labelled as RUN CL or RUN CH,
respectively as shown in the Figures. L and r in the
Figures are axial distance from the fuel nozzle tip
and the radial distance from the jet axis, respective-
ly. Predicted U¥ ig obtained from the relation,
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GV = -1 (50/3r) /p.

It is noted the measured profiles of flow veloci-
ty, species concentration for two cases of low and
high fuel jet velocities can be well predicted by the
present calculations.

The profiles of turbulent kinetic energy along
the axis (Figs.1,4) have peak near the nozzle tip and
gradually decay along the axis., Such tendency can be
well predicted. Radial profiles of k and GV are also
predicted considerably well. These results indicates
that the applied wodels can describe the fluctuating
properties as well as the macroscopic flow and mixing
characteristics for the fuel jets without flame.

The factor fj in eq.(7) is almost unity in the
present fuel jets because the flows are fully turbu-
lent (ue>>y)) in the flows without flame.

REACTING FLOWS

In Figs.6 to 11, experimented and predicted axi-
al and radial profiles of flow velocity U, temper-
ature T, gas species concentration, kinetic energy of
turbulence k, cross correlation Gv and vT are com-
pared for the case of low and high fuel jet velocitis
(UJ-ZO.A and 55.7 m/s) with flame. The condition of
low or high fuel jet velocity with flame is labelled
as RUN FL or RUN FH, respectively as shown in the
Figures.

The predicted cross correlation of the fluctua-
tion of velocity and temperature vI is obtained from
the relation, VI = -u¢/o), (3T/3r)/p.

Figs.6 to 7 and Figs.l0 to 12 indicate that flow
velocity, temperature and species concentration can
be well predicted in the flames of both low and high
fuel jet velocities.

In the flow of the low fuel jet velocity with
flame, the ratio u./u) decreases at the high temper-
ature region of the outer part near the fuel nozzle
tip. This seems to correspond to the local laminari-
zation phenomena observed clearly in the same flame
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without surrounding air flow [7].

In the low velocity flame, the unmodified turbu-
lence model available in fully turbulent flow over-
estimates the turbulent viscosity and other transport
coefficients. The modification of the turbulence
model by the eqs.(7) and (8) gives a better prediction
as shown in Figs.6 and 7.

The modification is not necessary for the flame
of the higher fuel jet velocity because the u./u; is
much larger than unity.

The axial profiles of turbulence kinetic energy
along the axis (Figs.6 and 10) in the cases with
flame increases more gradually along the axis and have
peak in the downstream as compared with the cases
without flame (Figs.)l and 4). These tendencies are
predicted by the calculation as shown in Fig.6 and 10.
Predictions of profiles of k, Uv and VT are not very
well but the qualitative agreement is fairly well
wvhich supports the gradient-transport-model incorpo-
rated with the two-equation k-€ turbulence model for
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the transport of the momentum and heat even in the
reacting flows.

DISCUSSIONS

In the turbulent flow fields with flame, signi~
ficant density fluctuation would prevail and conven-
tional time averaging of the governing equations
yields a number of cross correlations including densi-
ty fluctuation.

The equations used in the preceding section are
equivalent to those obtained by neglecting density
fluctuation when the variables such as U, T, my, etc.
in the equations_are taken to be conventional time
averaging U, T, mj, etc. Based on the comparisons
between the experimental and calculated results des-
cribed above, it can be said that flow velocity, temw-
perature, species concentration and fluctuating pro-
perties can be predicted by the equations neglecting
density fluctuation ‘although the spatial variation of
density is taken into account.

On the other hand, if the density weighted ave-
raging (Favre averaging) is applied for the variable
except for p and P, the density fluctuation can be
taken into account without any apparent change in the
governing equations [1]. In this case, the variables
such as U, T, wm,, e& - are supposed to be density _
weighted nvctnginz U (=oU/p), % (=pT/p), » (=pmy/p)»
etc. In this case, spe prﬁﬁlctioﬂ yields déncity
weighted avaraging U, ?. my, etc.

On the other hand, th1 measured velocity U by &
laser Doppler velocimeter snd the temperature T by a
thermocouple are_supposed to be conventional time
averating U and T. But, species concentrations
measured by gas saapling are supposed to be density
weighted averaging m,.

Now, we considet the relations bdetween conven-
tional time averaging and density weighted avaraging
as follows.

S

% 5 0 % s 0 5
r mm r mm
(a) L=60 mm (b) L=160 mm

Fig.5> Radial profiles
(Uj=55.7 m/s, Cold)

v 1- (/D W) Ry )

=7 {
YT=aT(1-@M2} @s)
4"
.

y = oy { 1= (T'/D (ay"/my) Ry, }

where T', u' or m,' is the root mean square of the
fluctuation of T,”U or m; and Ryy or RT is the
correlation coefficient of the fluctuat?én of T and
Uor T and m;. The equations are derived by the
approximation that the density fluctuation is mainly
caused by the temperature fluctuation according to
the ideal gas law. _ _

The profiles of T, ?, u, ﬁ, T' and u' are sh
in F{g.12 where T, U, T', u' are measured ones and
and U are calculated by gq.(15) using the measured
Rry, u',T'. It is noted T 1s always less than T and
the difference is atmost 15 X of T at the outer part
of the flame where T'/T is large. U 1s larger than U
at the inner part of the flame where Ryy is negative
but U 1g less than U at the outer part of the flame _
vhere Ryy is positive, The difference between U and U
is less than 10 X of U.

It can be said that the comparisons between pre-
dictions and experiments are available vhether the
measured or calculated values are conventional time
averaged or density weighted averaged and the density
fluctuation does not play significant role for the
present flame conditions.

SUMMARY

(1) The measured profiles of time mean velocity
temperature and species concentration in the fuel jets
wvith and vithout flsme can be well predicted by two-
equation k~€ turbulence model which is modified for
the low Reynolds uumber effects due to the existence
of flame.

(2) The fluctuating properties such as kinetic
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energy of turbulence and cross correlations of uv
and vT are also predicted fairly well which support
the gradient-transport-model for the turbulent trans-
port of momentum and heat in turbulent diffusion
flames.
(3) The difference between conventional ti

%venging U or T and density weighted averaging U or

is not so great which indicates that neglecting the
density fluctuation gives an fairly good spproxima-
tion,
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ABSTRACT

A studv was performed in order to gain new in-
sight into the phenomenology and mathematical model-
ling of turbulent diffusion flames.

The numerical part of the present investigation
treats unsteady one-dimensional laminar diffusion
flames using an extended kinetic scheme. The result
of these predictions yields the instantaneous sub-
structure of turbulent diffusion flames. In order
to check the validity of the model predictions in-
stantaneous peak temperatures as well as time mean
concentrations have been measured in turbulent me-
thane diffusion flames,

NOMENCLATURE
. heat capacity of species i at constant
’ pressure
¢, mixture heat capacity
2 binary diffusion coefficient for species i

in nitrogen

F(T*) nondimensional rate of chemical heat release
as a function of T

mixture enthalpy

enthalpy of species i

standard heat of formation of species i
number of species

Reynolds-number defined by nozzle diameter
and nozzle exit velocity

tayer thickness

initial layer thickness 1 ds

stretch rate defined by -S =3t
time coordinate

Tocal temperature

initial

adiabatic flame temperature
reference temperature
nondimensional temperature defined by
T'=(T-T°)/(T 'To

u normal ve1oifty of convective transport
through the flame

chemical production/consumption rate of
species 1

X coordinate normal to the flame zone

¥ Kolmogorov strain rate (reciprocal value of
Kolmogorov time scale)

FEART T

[=]

o

o
-

B Pt b b L R

A thermal conductivity

v viscosity, used in the thermal conduction term of
eq. (1) for Prandt]l number unity

w nondimensional space coordinate normal to the
flame zone

o density

o5 mole number of species i in 1 kg mixtures

1 characteristic chemical time scale, defined

_ S0 that the peak value of F(T") becomes unity

( )time mean values

INTRODUCTION

Combustion of nonpremixed reactants has been in-
vestigated in turbulent jet flames with attention fo-
cussed on hydrogen combustion, Compared with hydro-
gen combustion, however, turbulent hydrocarbon dif-
fusion flames introduce additional problems due to
the more complex combustion reactions,

An essential feature of some combustion models
for turbulent diffusion flames is a unique determina-
tion of the instantaneous molecular species concen-
tration by a conserved scalar. The assumption of a
one~-step irreversible reaction Teads to the flame
sheet model, with the combustion reactions taking
place in an infinitesimally thin flame sheet. If the
fast chemistry assumption is not restricted to a one-
step irreversible reaction it follows that the pro-
ducts are in chemical equilibrium. Due to the shift-
ing equilibrium reactions a large amount of carbon
monoxide is predicted by this model in the fuel-rich
region of a diffusion flame, more than is found ex-
perimentally in laminar or in turbulent diffusion
flames. As it has been shown (1) a turbulent natural
gas diffusion flame can be predicted rather well by a
chemistry model which is based on the assumption that
the instantaneous gas composition in a turbulent flame
is that corresponding to local chemical equilibrium
over a wide range of mixture strength around stoichio-
metric, and that the shifting equilibrium reactions
freeze at a unique fuel-rich mixture fraction. To
check the validity and limitations of this simplified
instantaneous reaction model, one-dimensional unstea-
dy laminar diffusion flames have been investigated.
These flames are assumed to be representative of the
diffusive reactive interfaces between fuel and air
eddies in a turbulent flame,
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THE UNSTEADY LAMINAR DIFFUSION FLAME

The behaviour of the quasi-laminar substructure
of turbulent flames has been discussed qualitatively
by Williams (2) in terms of the unsteady, one-dimen-~
sional temperature equation

- L - 2
CONPELS J

This equation is obtained if the coordinav. system
moves parallel to the reactive layer such that the
tangential velocity component becomes zero at the
origin of the coordinate system. The second and third
term in equation (1) reoresent convective fluxes due
to flame stretch and a velocity component normal to
the flame front. In the following these convective
fluxes will be neglected, but the stretching process
is considered with respect to a decrease of the
thickness of the reactive layer as proposed by Spal-
ding (3).The resulting balance equations are

Concentration :

% 1 8, Fi. .

EIaEE "R R il IR @
Energy : NS

- 1 21@ A ) 39 3
FETT R, w L 1‘E;‘~i)m')' (3)
i=1

with the non-dimensionalized space coordinate w=x/s,
0 <w<l and

NS T NS
= . h.=h.9 e =
h = Zh’. c5s hi=h® 4 fo ¢.1 ¢T3 cp-Z .5 O
i=1 T i=l (4)

The following conditions were used for the calcula-

tions :

1. As it is difficult to specify the time dependent
thickness of the shear layer, a constant stretch S
was assumed, which yields (3)

s =5, e™S t
with sy as the initial shear layer thickness.

2. Initial conditions of the the computations are cha-
racterized by a step change in the concentrations
of fuel gas and air with a very thin layer of hot
gas at the interface.

3. Dimensions of the fuel gas and air volumes are
large compared to the thickness of the diffusion
tayer,

4, 29 elementary reactions were used to describe the
oxidation process of methane adopted as a fuel.

5. Binary diffusion coefficients for the gas compo-
nents in N, Lewis number equal to one.

Details of the numerical computations are given
in (4).

In order to get information about the properties
of flamelets in turbulent diffusion flames, direct
thermocouple measurements of instantaneous temperatures
were made in free burning turbulent methane flames at
various Reynolds numbers (5), The different Reynolds
numbers were chosen to get flames with very different
flow structures, which were visualized by a schlieren
technique. They ranged from orderly coherent struc-
tures to fully developed three-dimensional small scale
turbulence.

In addition, conventional measurements of mean concen-
tration were performed to get further information about
the net influence on the reactions.

RESULTS

In Fig. 1 computed rates of CO and 0, as func-
tions o e excess air ratio are shown. %he effects
of diffusion are clearly visible in the changing peak
values. The 1imit for the freezing of the reactions
assumed in the flame zone model (1) lies within the
area in which the reactions are frozen during the
successive time steps. The calculations have been per-
formed for a time period of 25 milliseconds which is
beyond the eddy 1ife times of the turbulent flames
considered.
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Fig. 1 Production rates of CO and 0 in a one dimen-
sional unsteady laminar natural gas diffusion
flame for different time steps as function of
the excess air ratio 2

The concentrations and temperatures shown in
Fig.2 do not change significantly during the time pe-
riod considered, This means that even with very large
concentration gradients the conditions at the begin-
ning of the lifetime of an eddy are not very different
from those at later time steps. This result, to a cer-
tain extent, can justify a posteriori the neglect of
the flame stretch which strongly influences the gra-
dients within the reaction zone and can result in
quenching under certain conditions.
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Fig. 2 Concentrations of CO, 0p and temperature T
as functions of the excess air ratio A

A particularly important result is the fact that
the computed peak tempe-gtures of a non-stretched
flame zone lie around 1 930 K as did the thermocouple

measurements in the turbulent methane diffusion flames.

This value is considerably below the adiabatic equili-
brium flame temperature of 2 280 K (Fig. 3). The
measured peak temperatures of 1 90C - 3 OO0 K (Figs.
4, 5) in all regions of the turbulent flames at dif-
ferent Reynolds numbers (5) may also be compared to
the value of about 2 000 X from Laser Raman measure-
ments (6) in a laminar methane diffusion flame and
thermocouple measurements in a different laminar dif-
fusion flame

It follows from Figures 4 and 5 that the maximum
peak temperatures in the region of the visible cohe-
rent structures (x/d € 20, Re = 5 500) are approxi-
mately equal to this of fully developed three-dimen-
sional turbulence (x/d = 60, Re = 37 000). It may
therefore be concluded that the instantaneous peak
temperatures in turbulent diffusion flames are not
significantly affected by turbulence. The measurements
of mean concentrations also show that in large parts
of the flame the combustion takes place in diffusion
flamelets.

The influence of the stretch rate S on the beha-
viour of the diffusive reactive layer was studied pa-
rametrically. In Fig. 6 the predicted time dependent
temperatures and conientrations of a stretched layer
are shown (S = 111s-1), The decrease of temperature
and maximum CO-concentration indicates a decreasing
reaction intensity which finally leads to quenching
of the reactions,

Concentration measurements in free burning tur-
bulent natural gas diffusion flames of different Rey-
nolds numbers clearly indicate that even in stably
burning flames quenched regions occur near the nozzle,
through which unreacted oxygen penetrates to the
flame axis, Fig. 7. Due to this premixed combustion
occurs to a certain extent further downstream,

Fig. 8 shows measured axial CO profiles in turbulent
flames of different Reynolds numbers. The rapid de-
crease of downstream CO-concentration in the lower
Reynolds number flames is due to mixing enhanced by
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Fig. 3 Comparison of CO-concentration and temperature

T calculated by two different flame models and
finite kinetics (t = 25 ms)

buoyancy. The dashed curve which refers to flame No.3
represents computed values. The nredictions are based
on the instantaneous gas composition (Fig. 2), a pdf-
representation of the mixture fraction and the k-e-
model for the flow field (8).
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Radial profiles of measured peak and time
mean temperatures in a free burning natural
gas flame, Re = 5 500,(5)
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Fig. 5 Radia! profiles of measured peak and time

mean temperatures in a free burning natural
gas flame, Re = 37 000 (5)

Fig. 6

C0-concentrations and temperatures as function
of the excess air ratio X

—— stretch rate S = 111 s~
--=- without stretch
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Fig. 7 Measured axial profiles of D,-concentrations
in free burning natural gas Siffusion flames
at different Reynolds numbers
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CONCLUSIONS

1. From comparison of predictions and measurements
it can be concluded that turbulent diffusion
flames over a large range are composed of laminar
diffusion flamelets with instantaneous peak tem-
peratures about 300 K below the adiabatic eguili-
brium temperature.

This is an especially useful information with re-
gard to the thermal NO-formation, this being
strongly dependent on the peak temperature.

2. Areas of premixed combustion can occur even in
flames stably burning at the nozzle exit.

; 3. The instantanegus temperature and concentration
- profiles do not change greatly during the most

: probable Tife time of an eddy. This result can be
£ compared to some extent to the conclusions of

4 Bilaer (9) who found by inspection of measure-

- ments in laminar diffusion flames that the gas-
composition is independent of the position in the
flame and therefore independent of the flow
structure.

With a representative profile of the instantaneous gas
composition shown in Fig, 3 instead of the one used
earlier (1), a turbulent diffusion flame based on the
k-e-model and a pdf of the mixture fraction can be

A well predicted as long as premixed combustion does

) not take place.

REFERENCES

1 Eickhoff, H.E. and Grethe, K. , "A Flame Zone
Model for Turbulent Hydrocarbon Diffusion Flames",
Combustion and Flame 35 (1979), pp. 267-275

2 Williams, F.A., "Recent Advances in Theore-
tical Descriptions of Turbulent Flames”, published in
Turbulent Mixing in Nonreactive and Reactive Flows.
ed. by S.N.B. Murthy, Plenum Press, New York (1975)

. 3 Spalding, D.B., "Chemical Reactions in Turbu-
Tent Fluids", in Physicochemical Hydrodynamics, Vol.l,
ed. by 0.8, Spalding, Advance Publications Ltd.,
London (1977}

3.3




CALCULATIONS OF VELOCITY-SCALAR JOINT PDF'S
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ABSTRACT

A joint pdf transport equation has been solved
to calculate the oroperties of the self-similar,
plane, turbulent jet. The joint probability density
function (pdf) is that of the three velocity com-
ponents and of the nozzle-fluid concentration,
which is a conserved, passive scalar. The advantage
of basing a turbulence closure on the joint pdf
equation is that convective transport appears in
closed form. Consequently, the gradient-diffusion
assumption is avoided. For self-similar shear flows,
the joint pdf is a function of five variables. Its
transport equation is solved by a Lagrangian method
with stochastic modelling of the unclosed terms.

The calculated Revnolds stresses and triple velocity
correlations agree well with the experimental data.
Calculated pdf's and joint pdf's are also reported.

NOMENCLATURE
Cry» Co model constants
D velocity dissipation term

E conditionally-expected value

f(v, ¢) velocity-scalar joint pdf

G scalar dissipation term

p() scalar pdf

<p>, p' mean and fluctuating pressure
R redistribution term

r,8, z polar-cylindrical coordinates
t, ‘t time, time interval

L, u velocity, fluctuating velocityv
v independent velocitv variables
X,¥,2 axial, lateral and spanwise coordinates
Vi jet half width

Greek svmbols

T molecular diffusion coefficient

£ dissipation rate of turbulent kinetic
energy

n cross-stream variable y/yg

u molecular viscosity

b, ¢' scalar, fluctuating scalar

W independent scalar variable
turbulent frequency, normalised frequency

INTRODUCTION

A modelled joint pdf equation [1] has been
solved to calculate the one-point statistical pro-
perties of the self-similar plane turbulent jet.
The equation solved is for the joint probabilityv
density function (pdf) of the three velocftv com-
ponents U(x,t) and a conserved passive scalar
¢(x,t), With 6 being the non-dimensional, cross-
stream variable, the joint pdf is f(V,.;¢), where
VvV, V2, V3 and ¥ are the independent variables
corresponding to U and ¢. Since £(V,(;€) 1is a
function of five variables, the solution of its
transport equation by a finite-difference method is
impracticable. Instead, the transport equation is
solved by a Lagrangian method with stochastic mo-
delling of the unclosed terms. The simplest possi-
ble models are used - not the most accurate - the
emphasis being on demonstrating the use of the joint
pdf equation and the performance of the solution
procedure,

Transport equations for pdf's are useful in
modelling turbulent flows because non-linear one-
point processes (such as convection and reaction)
can be treated without approximation [1-3],

The transport equation for the joint pdf of a set of
scalars p(:;x,t) is particularly useful in reactive
flows since the term pertaining to reaction appears
in closed form, irrespective of the complexiry and
non-linearity of the reaction scheme. Pope [+] a:td
Janicka, Kolbe and Kollmann {5] have reported accu-
rate calculations of premixed and diffusion flames
based on the scalar pdf equation. For more than

one or two scalars, finite-difference solutions are
impracticable, but a Monte Carlo method [6] has been
developed for the general case.

The great advantage of considering the joint
pdf of velocity and scalars is that convective trans-
port appears in closed form. Consequently, the
assumption of turbulent transport by gradient diffu-
sion is avoided. In fact, for a variable-density
reactive flow, the terms pertaining to convection,
reaction, buoyancy and the mean pressure gradient
all appear in closed form. Only the effects of
molecular mixing and the fluctuating pressure gradi-
ent need to be modelled. Models for these processes

have been given in a recent paper [1l which contains
a derivation and discusssion of the joint pdf equa-
tion,




Self-similar free shear flows are good test
cases for the modelled joint pdf equation. The condi-
tion of self-similarity can be used to reduce the
number of spatial dimensions to one -~ namely, the
normalized cross-stream coordinate 8. And for self-
similar flows there is a wealth of experimental
data. The plane jet was chosen for this initial
study because of the simple coordinate system and
boundary conditions.

In the following three sections, the joint pdf
transport equation is presented, the solution proce-
dure is described, and the results of the calcula-
tions are reported. The results include profiles
of the mean velocity, Reynolds stresses and triple
velocity correlations, all of which are compared
with the experimental data of Heskestad [7].
Calculated scalar pdf's and joint pdf's are also
reported but no data are available for comparison.

JOINT PDF EQUATION

The joint pdf f(V,y;x,t] contains all the
one-point statistical Information about the velocity
U (x,t) and the conserved, passive scalar ¢(x,t) in
a constant-density turbulent flow. If 0(U,¢) is any
function of U and ¢, then its mean value (at any

X,t) can be determined from the joint pdf by

QL,8)> = L1 QYD) £(V,9) dY du. o8

Here and below, .dV represents integration over the
whole of the velocity space and, similarly, /dv re-
resents integration over all possible values of ¢.

Substituting Q(U,2) = U in equation (1) shows the

mean velocity to be

<Uy> = Jovy £(¥,s) AV dy . (2)

Similarly the Reynolds stresses are
<ujuy> = Sy - <C4>) (Vj - <uj>) f(x,w) dv dy,
3)
and the scalar fluxes are
‘“i¢" = fr(vy - ‘Ui>) (v = <¢>) £(V,¢) dV du.
(4)

Thus, any one-point statistic can be obtained from
£V,

The pdf of the scalar alone p(¥;x,t) is ob-
tained by integrating f(V,i) over velocity space

p(v) = JE(V,¥) 4V, (5)
and the joint pdf of velocity g(V:x,t) is
g(V) = SE(V,v) dv. (6)

Each of the pdf's satisfies the normalization condi-~
tion

Ip(e) Ay = (V) dV =fSE(V,0)dV dy = 1. (7)

A transport equation for £(V,¥;x,t) can be
derived from the conservation equations for U and
$[1):

s A _3f 3<p> | 3 ' - )
PSS TR T A 3, Uf EGp /3".11E Lo om0y’

asj £ EGo2, [y = ¥, o=))

- g—w- {f E(rv2¢ [Uu =V, o=u) ). ® :
(The fluid density p has been set to unity). The

terms on the left-hand side represent convection and
the effect of the mean pressure gradient., These
terms are in closed form and therefore require no
wodelling. The terms on the right-hand side of

the equation contain (as unknowns to be modelled)
conditionally-expected values,

The first term on the right-hand side

R(V,¥;x,t) = 3

3 (f E(3p'/ox

j!g-z.wu,w)
k|

represents the effects of the fluctuating pressur=
gradient, The term can be decomposed into three
parts [1]: a transport term and two redistribution
terms. As in Reynolds-stress models [8], the re-
distribution terms do not affect the mean velocity
or the turbulent kinetic energy, but thev redis-
tribute the energy in velocity space. The rapid
part of the redistribution is due to pressure fluc-
tuations caused by mean-velocity gradients: the
Rotta part [9) is due solely to the turbulence.
Models for all three contributions to R(V,:;x,t)
are available (1], but for this initial study

only the Rotta term is included,

In Reynolds~-stress models, the Rotta term
corresponds to a linear return to isotropy, i.e.

3
n <“j“j’ L BTN -CR‘(<uiuj> -l/3<uiui>Aij), )
(10)
where C, is a constant and «(x,t)is the turbulent

frequency (dissipation rate/turbulent kinetic energvy).
In the joint pdf equation, this term is modelled by

a stochastic process that randomlv reorientates the
energy in velocity space. The effect on the Revnclds
stresses is just that given bv equation (10).

The second term on the right-hand side of
equation (8)

D(V,¥3x,t) = - _3 {f E(m%j!_y_: ¥, e= )0,

3

oy (11
corresponds to dissipation - it does not affect the
mean velocity but decreases the turbulent kinetic

energv, Neglecting low-Reynolds-nuuber terms, D is
related to the dissipation [1] by

€ = SV, Vv, D(V,vix,t) dV du. (12)

In the joint pdf equation, Curl's coalescence/dis-
versal model [10] is used to represent this process.
(Because the turbulent frequency w is defined in
terms of ¢, no additional model constant arises).

The final term in equation (8)

{f E(ro2 it = ¥, 6 = ),
(13)

G (V,¥3x,t) = ~

2

v
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A,

corresponds to scalar dissipation and is analogous

to the velocity dissipation term D, The effect of
the term is to reduce the scalar variance <¢‘2> with=-
out affecting the mean <¢ >. Again, Curl's model
[10] 1is used to represent the process. The model
involves a constant C, which is the ratio of the
velocity to scalar tusbulent time scales. Following
conventional modelling [11] we take Co = 2,0,

The calculations for the self-similar plane
jet are performed in the polar-cylindrical coordi-
nates r, 8, z. The distance from the virtual origin
is r, the angle to the plane of symmetry is & and
2z is the spanwise distance. Some of the results are
reported in the conventiocnal Cartesian coordinate
system (x,y,z) in which x is the axial distance
(x =1 cos 8) and y is the lateral distance
(v = r sin €). The half-width of the jet is yls.

It is assumed that the turbulent frequency w(r, 62)
does not vary across the jet - i.e. that w is inde-
pendent of 8. Then, the conditions for self-
similarity require that the normalised frequency

* oz ooyl / <U>0 , (14)

be a constant. (<U> is the center-line velocity).
By transforming equition (8) into polar-cylindrical
coordinates and applyving the condit{ons of self-
similarity, a transport equation is obtained for
the joint pdf f(Vr,V Vot e ,t). This equation
is obtained without invoking the boundary-layer
assumptions and without neglecting any terms,

It is solved for Og Eg € = 0.5, with symmetry
conditions applied at # =70 and with the boundary
conditions at e corresponding to potential flow
with ¢ = 0, ax

The values of the constants u* = 0,165 and
C, = 4.5 are chosen to produce approximately the
correct spreading rate (dvls/dx = 0.1) and center—
line turbulent kinetic energy (%<uiui>c/<U = 0.065).
The value of C, is greater than the usual vilue
C, =1.5 [8] because the mcdelled redistribution term
has to account for both the Rotta and rapid terms.

To summarize, in the joint pdf equation (Eq. 8),
convective transport appears in closed form. Con~
sequently, there are no Reynolds stresses, scalar
fluxes or other velocity correlations to be modelled:
the gradient-transport assumption is avoided. There
are three unclosed terms representing, respectively,
redistribution of kinetic energy in velocity space,
dissipation of velocity fluctuations, and dissipa-
tion of scalar fluctuations, These three terms are
modelled by simple stochastic processes, each of
which proceeds at a rate proportional to the tur-
bulent frequency w. For the self-similar plane jet,
the turbulent frequency is assumed to be uniform
across the jet. A fuller description and analvtic
expressions for the models can be found in [1],

SOLUTION PROCEDURE

Since the joint pdf £(V_,V WWiB,t) i5 8
function of five independent vargabies and time, it
is obvious that ite transport equation cannot be
solved by a standard numerical method. The solution
is obtained as the steady state of a transient cal-
culation, The calculation advances from time t to
time t+ At in two fractional steps. In the first
step, the exact terms are treated by solving the
equation

Af +V_ 3f - of 3<p> = 0 (15
it Bx1 Sviax1

by a Lagrangian method. In the second step, stochas-
tic models are used to solve the equation

3f =R+ D +G. (16)
3t

After the second step, the result is the pdf at time
t + At (according to eq. 8) plus a truncation error
of order 4t?, The truncation error can be reduced
at will by reducing &t.

In the numerical procedure, the pdf is repre-
sented indirecrly by a large number (N) of elements
in the solution domain ?( =0.5. The n th

% ent 1s located at @ n) and has the properties

n U(“zu(“ 1) Let ni,M), ses.my be the M
e ements #n the sub-interval € - ha't gege+ re,
(The elements are approximately uniformly distributed
and hence M = AGN/ &,,,) At location €, an approxi-
mation to the mean value of any function Q(L, ¢ ) is

M
«QU, )5 = & 0@ om) ), arn

Similarly, the pdf at € can be approximated by the
histogram formed from the M elements. In these
groximations there is a truncation error (of order
) and a statistical sampling error of order M,
These errors can, in principle, be reduced at will
by decreasing A€ and increasing NA€. In practice,
for realistic values of N and 4 €, the error is large,
and a more sophisticated method of determining means
based on least~square cubic splines is used. But
the principle is the same.
The solution of equation (15) is facilitated
by the observation that it is the pdf transpert equa-
tion for the Lagranglan system:

LU, dus= <vep>, de=0. (18)
at

at

n' =)
X

Thus, for the first of the fractional steps, the
properties of each of the N elements evolve accor-
ding to equation (18) for a time At.

In the second fractional step, stochastic models
are used to solve equation (16). Pairs of elements
that are close to each other in physical space
interact to cause redistribution and velocity and
scalar dissipation - the termg R, D and G. The
solution domain is divided into K sub-intervals, of
width 48 = Bp,4/K, and the engembles of elements
within each sub-i{nterval are treated separately.

In Curl's model for the velocity dissipation (D),
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each ensemble 1s treated in turm and, at a rate uM,
pairs of elements are selected at random (M is the
number of elements in the ensemble). Denoting

the two elements by n and m, their velocities are
replaced with the values

[ (
D™ - p® oy @iy o) 19)

where g(:) 18 the value of g(“) before the process.

This has the effect of decreasing the emergy <U.U>
without affecting the mean <U>.

The implementation of Curl's model for the
scalar dissipation (G) is precisely analogous.
Pairs of elements are selected at a rate C,wM and
the values of ¢ are replaced with ¢

R L TC SR (20)

[
In the stochastic model of redistribution
(R), at a rate C_uM, pairs of elements are selected
at random from tﬁe ensemble. The velocities of
the two elements (n and m) are then replaced with
the values

) . g(gé“)_, Eém)) 'S 23 ,y_gn)_ l_]gm)l ,
(21)

vhers £ is a random vector of unit length,
uniformly distributed on the unit sphere. This
transformation from U n), u m) to U(“) U ™) cor-
responds to a random rotation of the elements in
velocity space. Since neither their mean position
nor their separation is altered, the transformation
conserves both momentum and energy; the effect of
the random rotation is to decrease the anisotrophy.

The two fractional steps advance time by
At. This sequence of operations is repeated until
the (statistically) steady state is attained.

For the calculations reported in the next

section, there were N = 7,200 elements, and K =48 sub-

intervals in the solution domain O‘e‘emax = 0.5,

With a time step of At = 0,2 yl/<U>y, 400 time steps
were taken. (The sampling error is decreased by
time-averaging: hence the large number of steps).
The total CPU time on a VAX computer was 27 minutes,
at a cost of $16.

RESULTS

The calculations reported in this section were
obtained from the numerical solution of the model-
led joint pdf equation. All the results are norma-
lized with the center-line values <U>, and<¢ >, .
Comparison is made with the hot-wire data of
Heskestad [7].

Figure 1 shows the mean axial velocity (in Car-
tesian coordinates) plotted against the normalised
y-coordinate n = y/y%. There 1is good agreement be~
tween the calculated and measured profiles, but it
should be remembered that the normalization forces
agreement at " = 0 and n = 1. Figures 2 and 3 show
the normal-stress profiles «_2> and «_2> , The
profile shapes are calculated quite acctrately as
are the magnitudes. The profile of < 2> (not
shown) is similar to that of <“yz’ and the level of
agreement is the same.

1.0

A

]

=2

v 05
0.0

0.0 1.0 20

Fig. 1: Mean axial velocity against lateral distance:
—— calculation; o experiment [7].
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Fig. 2: Mean square axial velocity fluctuations
against lateral distance: —— calculation;
o experiment [7].
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Fig. 3: Mean square lateral velocity fluctuations
against lateral distance: — calculatior
o experiment (7].
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Profiles of the shear stress <uxuy> are shown

in figure 4, It may be seen that the measured values
are, typically, 20Z lower than the calculations,
Using the measured mean velocity and normal stresses,
Heskestad used the axial momentum equation to obtain
an independent estimate of the shear stress. This
estimate (indicated by the broken line) is in good
agreement with the calculations. This supports
Heskestad's conclusion that the measured values of
<uxuy> are subject to error.
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Tig. 4: Shear stress against lateral distance:

—— calculation; o experiment [7}; - - - -
deduced from measured mean velocity and
momentum balance [7].
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Fig. 5: Triple velocity correlation against lateral

distance: —— calculation; o experiment
[7); = = = gradient model [8] evaluated
from calculated Reynolds stresses.
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Hegkestad's results include triple velocity cor-
relations, measured in 8 local mean~-streamline coordi-
nate system, In the x - y plane, the fluctuating
velocity components parallel and normal to the mean
velocity vector are ug and Upe Figure 5 shows measured
and calculated values of the triple correlation <u u?>,
Also shown on the figure is the value of the triple
correlation obtained from Launder, Reece and Rodi's
[8) gradient-diffusion model. Near to the plane of
symmetry 0¢ng¢0.5, both the joint-pdf calculations and
the gradient model give significant negative values,
while the measured values are close to zero., The max-
imum value of <uy_u¢> occurs at n = 1: the maximum value
from the joint-pafncalculation 1s 307 greater than
that measured, while for the gradient model it is 80X
less. The level of agreement between the measurements
and the joint-pdf calculations is satisfactory consi-
dering the likely measurement error and the simplicity
of the closure assuptions.

This completes the comparison of calculated ve-
locity statistics with the experimental data of

0.0 05 1.0 1.5

Scalar pdf's and the contribution from out-
vard-flowing fluid at different lateral
positions: — p(y)} = = = p‘(w).

Fig. 6:




Heskestad. For the scalar field, the only measure-
ments are for the mean profile, see [12], for example.
It is found that for the self-similar plane jet, the
spreading rate of the mean scalar is 40% greater than
the spreading rate of the mean velocity. In the cal-
culation, however, the scalar spreading rate is 5%
less. This disappointing result is undoubtedly due
to the simplistic modelling of the fluctuating pres-
Sure gradient terms. Future calculations that in-
cluded the rapid term and the pressure transport term
will, hopefully, not suffer from this defect, The
normalized scalar profile (not shown) is calculated
accurately.

Figure 6 shows the scalar pdf p(v;r) (for dif-
ferent values of n) and P, (¢3;n), which is the contri-
bution to p(y;n) from outaard ~flowing fluid:

Pubsn) = [ [ L E(V UV, ,05r) 4V dVadv . (22)

On the plane of symmetry, p(y) is bell-shaped and,
because (for n = 0) inflowing and outflowing fluid are
indistinguishable, p_(¥) is equal to one half of p(y).
At the furthest location (n = 1.5) p(v) is centered

on low values of ¥ corresponding to recently entrained
fluid: p (v) 1s biased towards larger values of ysince
outw:rd-tlowing fluid comes from the interior of the
Jet vhere the level of ¢ is higher.

Figure 7 gshows the joint pdf of the radial and
circumferential velocities at n = 1.0, This joint
pdf is defined by

£ VpVg) = S1 EV,V 0V 1) av de.  (29)

The figure shows f (V ,Ve) plotted against V, for

different values of V At this location (n = 1,0),
the mean circumferentgal velocity is <U > = -0.04,
and the mean radial velocity is <U > = (0,5, It

fre (Vr .Va)

may be seen that the joint pdf is a maximum close to
=<y > V_=<U >, That the curves of f_ .V ,V 9

mgve to higher values of V as Ve increases 1n-

dicates that the shear stréss <u'y > is positive

(cf. fig. 4). r¢
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PREMIXED COMBUSTION IN A TURBULENT
BOUNDARY LAYER WITH INJECTION

S. MEUNIER, M. CHAMPION, J.C. BELLET
Laboratoire d'Energétique et de Détonique
E.N.S.M.A. ~ rue Guillaume VII
86034 POITIERS Cedex (France)

ABSTRACT

The reactive flow obtained by injecting a fresh
mixture of propane and air in a stream of hot gas
through a porous plate is studied both theoretically
and experimentally. Using Favre averaging and a
temperature probability density function the closed
set of 7 transport equations is solved. The numerical
results are compared with measurements of mean velo-
city, velocity RMS value and mean temperature.

NOMENCLATURE

injection rate

mass weighted kinetic emergy of turbulence
mean pressure

probability density function

temperature

mass weighted mean velocity (x component)
fluctuating part of u (Favre decomposition)
mass weighted mean velocity (y component)
longitudinal coordinate

transversal coordinate

product mass fraction

boundary layer &hickness

dissipation of k

ur eddy viscosity

SUBSCRIPTS

b burnt gas

e chemical equilibrium
f fresh mixture

w wall

OVERSCRIPTS

— conventional averages
Vv mass weighted average

€r gl ®

F?Ov_ﬂ‘% X <«&¢

INTRODUCTION

Turbulent boundary layer with injection and
combustion is an important problem occuring in many
practical devices. In such a configuration, the in-
teraction between turbulence and chemical reactions
vhich occur within the flow can be very strong. Many
works have been devoted to the case where the fuel and
the oxydiser are not premixed /l1-2/ and where it is
generally admitted that the flame sheet model is va-
l1id i.e. the flow is controlled by turbulent mixing
rather than chemical kinetics. In the present work
an experimental and theoretical study is made on the
structure of a premixed turbulent combustion zone.
This zone is obtained by injecting a fresh mixture
of propane and air through a porous plate into an
incoming flow of hot gas. The purpose of this paper

is to describe the structure of this turbulent reac-
tive boundary layer with injection in term of the
mean quantities profiles such as, velocity u, velocity
RMS value Jﬁ"’,mean temperature * and to investigate
the effect of the combustion on the turbulent flow.
A cowmparison between the experimental results and
numerical calculatio&s i{ made through a model which
employs a classical k - € type of closure and where
a probability density function of the temperature

is defined in order to express the mean chemical
production rate in a closed form.

EXPERIMENTAL APPARATUS

The schematic diagram of the experimental appa-
ratus is shown in Figure 1., It consists of a 10 cm
square channel, 2! cm in length, fed with hot burnt
gas (1370 K) coming from an upstream burner, and
whose lower wall is a porous plate. With a Reynolds
number Re which is about 5.10% a turbulent boundary
layer is formed on this plate. A fresh mixture of
propane and air at an equivalence ratio ¢f (< 1) and
diluted with nitrogen is injected through the plate
into this hot boundary layer. Then a combustion zone
stabilized by the hot gas is obtained. The injection
rate is defined by :

F=ogveloyw
where f and b refer to fresh and burnt gas respecti-
vely and its value is varied from 0.0l to 0.02.

The m?72 stream wise velocity U and its RMS
value (U'2) are measured in the boundary laver
by means of a Laser Doppler Anemometry system and
bias corrections are made according to Durao et al.
/3/. The mean temperature T is obtained using a
chromel-alumel thermocouple.

THE REACTION AND TURBULENCE MODEL

The combustion is sustained by a global reaction
between the fresh mixture M of propane-air and the
burnt product :

M~+P

whose order is taken to be 1.8 and
where Nz is considered as a diluent.

Moreover the assumption is made that, in the
combustion zone itself, i.e. where the chemical
production rate w is not negligible, the change of
enthalpy h is due to the heat release ouly. Then,
when the Lewis numbers of the different species are
unity,and introducing an instantaneous equation for
the conservation of cnrbon,the temperature T can be
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defined as the reaction progress variable /4/. Thus,
using mass weighted averaged quantities defined by :

g=3+g" vith §=Pg/p ¥g M
The turbulence compressible reactive flow is descri-
bed by the following set of transpat equations where
all turbulent transporf angd dissipation terms are
closed according to a k - € model /5-6/. The general
following form for those equations is :

3
‘3

The expression of LT and §¢
ven in table 1.

_ LYY ] - % - T
LEEH e GV w)-—a;(ou,;%) 5, @

for each equation is gi-

to ¢

T P ¥ D L

ot c""'(-ayay-x—)
€ p i % 3}

and following Borghi and Dutoya /8/ the last term
of this expression is given by :

T - yl ™
wT ?llzl“‘r
and finally :
Wil Q‘ r mT 3'\\1' 3"1' :1'"2 g_i 'l\f MTT !
VT e - G R Uy ey T ! T Gy
€ © y dy ) E’E}lnz

where the constant C, has given a value of 0.35 /6/.

4 .
T oy H
equation g u; ) '
t
continuity ] 0 0
4
X momentum 4 ur - %5
kinetic - n N
a . - -
energy of K Vg (22)2 u" %; - CpK (au 5
turbulence
product Up —
mass Q ﬁ:— W
fraction P y Y
S —_
temperature ¥ - w,
PrT T
d1ssxgatlon u ~ W
" T € Ju -
of k € N ~ (Cl Y ('g) - C2 p €)
€ k
temperature u 2 _ v A
mean square 12 §§— WL+ Wy (%z) -9 % ™
fluctuation T y k

Table | - Diffusion coefficients and source terms for governing differential

equations.
values of the various constants appearing in Table 1
are given below @
o, = 1.3 Se= 1. Prp
Cy=0.09 C =155 C,=2. Cy=1.
and uT is the usual eddy viscosity defined by :

= 0.7

-C-p.

m|x

Yr
2y
The dilatation term C3 ° k (-— + ——) of the k equa-

tion has been modeled nccord;ng to Bray /7/ and re-
presents the change of kinetic energy of turbulence
due to the h&at re&ease. This term corresponds to a
decrease of k and u"‘ and we found it important in
the computation. Taking an qguntxon of state into
account, the pressure term - u" dp/dx can be written :

-;Fez.-ﬁﬂi
dx dx

The transport term u"T" is then expressed by assu-
oing that production balances exactly dissipation in
the transport equation for this quantity. This leads

It must be noticed that this model 1mplxes that i
is a positive quantity and then no 'counter dif-
fusion”, due to an eventual important transversal
mean pressure gradient 3p/dy, occurs /9/. This
implicit assumption has to be cog£‘£m or infirm
by measuring the transport term V'T

The mean chemical rates ;? and :; are closed
by introducing a probability density function PP(T)

such that :

T
e

Bu- P(T) wfT) dT a= Y, T
w
Te

T - - -

and oT j P(T) T 4(T) dT u.a? a=Y, T
T

w

where T, is the equilibrium tewperature correspon-
ding to a product mass fraction Y, whose value is
unity. According to an extended Bray and Moss model
/10/ the structure of such a probability density
function is taken to be a uniform value between
either two Dirac delta peaks in T, and T, or two
limiting temperatures T, and T2. In any case the
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V.
Eﬁ

p.d.f. gepend on three paradeters which are rela-

ted to T and T2 by :
Te
’* -:l pT IP(T) dT
P
w
T
e
LR p T2 I(T) dT - 12
Py
w
e
1= P(T) dT
TU
vl
P — [
— i x
vt
:E\ hot gas { (07 + Hp0 + Radicats ) + Air
:F: fresh mixture C3Hg « 07 «Np

Fig. | - Schematic of the 10 cm square channel.

NUMERICAL METHOD

The parabolical partial differential set of
equations shown in table | are solved by using a
procedure which employs a Crank-Nicholson type of
discretisation /15/ and where a special treatment
of the flow close to the wall has been developed
in order to deal with the strong injection rates.

Initial profiles (x = 0) are given from the
experimen:i for mean velocity u, the corresponding
RMS value u"?, mean temperature Y and mean product
mass fraction ? . Different assumptjons wegre made
to prescribe the initial values of € and T"2 but
calculations performed with different initial pro-
files for those quantities proved that the com—
puted values at the working distance i.e. x = 19 cm
are rather insensitive to the initial conditions.

RESULTS AND DISCUSSION

Before discussing the results, it must be em
phasized that the measured mean values differ from
the mass weighted averages, the difference being
given by :

", -
g-38=08/c Vg

In fact, studying a mixing layer with density
gradients whose orders of magnitude are about the
same as those that we can expected in our present
study, Chassaing et al. /14/ showed & good sgreement
between cgmputed and experimental profiles for mean
velocity u and rather small discge
cond order correlations such as u

gnncie: for se-
".

Morgover, it must be pointee out that the only
part of K which was measured is u"?. It _is the reason
why ve solved an additive equation for u"2, which,
in a closed form, can be written as

a"‘;u: " 3";‘--: 3:;"2 A\ 2
v

—_n - 3 du
Puz—+ D 3 + s;(uT 5;——) =42 urﬁs;)

k)
g
Ue
ue = 1086 m/s
05+ $§ =217cm
* . exp. G/Ue
0 yls ;

Fig. 2 - Cold flow
mean velocity profile,
x =19 cm, F = 0.02

Ue=1086m/s
§=27m

sy o op ol ug
m — theory

Ue

01

0 -
1 y/§

Fig. 3 -~ Cold flow

Intensity of velocity fluctuations

at x = 19 cm, F = 0.02
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As a first step the characteristics of the cor-
responding cold boundary layer with injection are
investigated both experimentally and theoretically ;
the flow being obtained by replacing burnt gas and
fresh mixture by air at ambiant temperature
(T = Ty = 290 K). This case without chemical reac-
tion and without important demsity variations was
also used to illustrate the computation capability
with strong injection rates. Mean streamwise veloci-
ty and the corresponding R.M.S. value for P= .02 are
shown in figures 2 and 3. It is noticeable that
for such a value of F, the position of maximum u"?
is clearly distinct from the plate.

Experiments with combustion show that a station-

nary premixed combustion zone stabilized only by the
hot burnt gas is obtained in the turbulent boundary

layer if the porous plate is sufficiently cooled by

the fresh mixture of propane and air. At an equiva-

lence ratio which is unity, this requirement is full
filled by diluting this injected fresh mixture with

nitrogen /11/. The mass fraction yg of added nitro-
gen is : 2

With this value of yg' the temperature T, of the

plate, which is 1000 ﬁ at x = 0, is stationnary and
slightly decreases with x.

% W™ B

Fig. 4 - Velocity profile, x = 19 cm, F = 0.01

Figures 4 to 6 show the transverse profiles of
streanwise mean velocity, streamwise velocity R.M.S.
value and mean temperature for F = 0.0l. The thicke-
ning of the boundary layer which is a result of com-
bustion is found to be not very sensitive to the va-
lue of Fup to F = 0.02 (§ = 2.4 em), Figure 5 shows
a discripency between the predicted u"? profiles and
measurements at a position which corresponds to the
maxioum of heat release. This difference is due to
the fact that, as it is illustrated by figure 7, the
measured streanwise velocity probability density
function IP(u) is found to be bi-modal in the zone
where the chemical reaction rate is large. This be-
haviour of the velocity field, which cannot be easi-
ly taken into sccount by our present theoretical
model, corresponds to a low frequency oscillation of

the combustion zone. This phenomenon has been already
observed in others studies of reactive boundary layers,

particularly by Cheng et al. /12/ in the case of a

Vo

o: &P —
005k Ue
Ue=T5mis 1
8 =2%m
0 0S yl/& 1

Fig. 5 - Velocity fluctuations profile, x = 19 cm,
F = 0.01.

$z=24m

0 a5 y/% 1

Fig. 6 - Mean temperature profile, x = 19 cm,
F « 0,01.

premixed combustion developing over a heated flat
plate.

The case with F = 0,014 is illustrated by figures
8, 9 and 10. As far as it concerns the mean velocity
and mean temperature profiles through the boundary
layer the agreement between computation and experi-
mental results is reasonably good. However it is no=
ticeable that the measured velocity profile exhibits
an inflection (already slightly apparent in figure &
for F = 0.01) and which is not well recovered by the
numerical model. This effect which has been alsc no-
ticed in the case of a diffusion flame over a flat
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Fig. 7 - Velocity probability density functiow
x = 19 cm, F = 0.0l,
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Fig. 8 - Velocity profile, x = 19 cm, F = 0.014.

plate by Wooldridge and Muzzy /13/ seems to be
due to a transverse pressure gradient 3p/dy asso-
ciated with the accelerating effect of the flame.
However pressure measurements through the boundary
layer should be performed to confirm this explanation.
The discrepancy which appears betveen the velo-
city R.M.S. fluctuation profiles is more difficult
to explain since it can be the consequence of diffe-
rent effects. A relative thickening of the combustion
zona invalidating the usual closure for dissipation
terms /16/ might be the cause of this phenomenon.
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Fig. 9 - Velocity fluctuations profile,x = 19 cm,

F = 0.014.
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Fig. 10 - Mean temperature profile,x = 19 cm,
F = 0.014,

The present work reports the first experimental
and theoretical resuits of an investigation of the
turbulent boundary layer with wall injection of a
propane-air mixture. It demonstrates that there is
a good agresment between measurements and computation
up to an injection rate of 0.01. For larger injection




combustion,

rates phenomena due to pressure and probably dissipa- Combustion and Flame. vol. 39, 1980, p. 33
e ———, * . » [y . .

tion effects occur. Pressure measurements shouid be
performed before going further into the model. The
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LAGRANGIAN-EULERIAN CALCULATION OF TURBULENT DIFFUSION FLAME PROPAGATION®

Wm. T. Ashurst and P. K. Barr

Combustion Technology Department
Sandia National Laboratories
Livermore, California 94550

ABSTRACT

This paper explores the effect of time-dependent turbulent flow structure
on diffusion of a conserved scalar. The conserved scalar can represent diffusion
flame propagation when the fame sheet model is used. The time-dependent

flow structure is calculated by the Lagrangian discrete vortex dynamics method.

The fow feld is two-dimensional and is confined to a square by the use of
periodic boundary conditions. The velocity field defined by the known vortex
locations determines the convection velocity of the scalar on a fixed Eulerian
mesh. The scalar convection and diffusion is calculated with a flug-corrected
transport algorithm which allows steep gradients to be computed without ex-
ceeding the scalar bounds of zero and one. The effect of turbulence intensity ou
scalar diffusion has been calculated at three intensity levels at a fixed lenagth
scale. The enbhanced diffusion effect can be correlated with a linear dependence
on turbulence intensity at .'ved length scale.

NOMENCLATURE

€1.¢2 = constants in amplitude time function
¢ = fuel copcentration
D = mass diffusivity coefficient
L = reference iength unit
N = pumber of discrete vortices, equals 200
Q = quantity of fuel
r = position vector
Tcore = VOrtex core radius
§ = conserved scalar concentration
t = time
i == Eulerian velocity vector
U = Lugrangian velocity vector
2.y = Cartesian coordinate system
X = Lagrangian position vector
I' = vortex circulation strength
6t = discrete time step. equals 0.006257
7 == reference time unit
¥ == vortex produced streamfunction

INTRODUCTION

The ability to calculate chemically reacting flow involving 50 or 100 different
reactiogs is now an accomplished numerical technique for laminar flow. Details
of chemical nonequilibrium structure in realistic systems can be studied (Miller
and Kee, [977). In addition to these steady state solutions, non-linear oscil-
lations have been predicted (Margolis, 1980) and experimentally confirmed
(Stephenson, 1980) for premixed flames when the flame speed is much smaller

*This work supported by DOE, Office of Basic Energy Sciences.

than the adiabatic limit. Unfortunately, in most practical applications the
flow is turbulept and not laminar. The interplay between turbulent mixing
and chemical resction is not well understood te.g.. see review by Murthy.
1975). Even the observed “turbulent” flame speed mav be unique to The
overall experiment geometry since both the turbulence intensity agd lengrh
scale affect the propagation of the reaction zone. Williams and Libby 11940,
have reviewed recent progress in the field of turbulent combustion and find the
persistent assumption of gradient traasport inappropriate for reacting flow
They cite several experiments where the turbulent fuxes are opposed to the
mean gradient direction. In order to avoid the gradient tramsport model.
this paper explores the interaction between time-dependent turbulent flow
structure and a diffusion flame.

The time-dependent turbulent flow structure has been calculated by the
discrete vortex dynamics method. This Lagrangian method has the capability
to simuiate a turbulent mizing layer (Ashurst, 1979) and two-dimensional
separated flow (Ashurstet al., 1980). While the velocity fieid is described by
the Lagrangian solution of the discrete vorticity motion. the conserved scalar
transport is calculated with a fixed Eulerian mesh. Following the wotk of
Grotzbach and Schumann (1979), the conservation laws are written for flnite
grid volumes and a staggered grid is used. The fluxes are defined at the
grid volume surfaces and the scalar quantities are defined at the center of the
grid volumes. Though in the work of Grétzbach and Schumann. the effect of
subgrid-scale motion upon the fluxes required a turbulence model. in this new
combined Lagrangian-Eulerian method. a turbulence model is not needed since
subgrid-scale fluxes can be directly calculated from the known discrete vortes
locations. Thus this hybrid calculational scheme has the advantage that if a
model of subgrid motion is needed. it will be needed only at a length scale much
smaller than the numerical grid size, ¢ e, at the vortex core size. Consequently.
the resuits will be Jess sensitive to turbulence modeling assumptions. In these
preliminary results no such model has been used and the subgrid-scale fluses
have been temporarily ignoted.

The flame sheet approximation of Burke and Schumaan is used to obtain
a simple reaction system (see description in Miller and Kee. 1977). Assuming
chemical reaction rates that are much faster than turbulent mixing rates
produces an infinitely thin reaction zoze which is spatially located wherever
there is a stoichiometric ratio of fuel to oxidizer. This assumption of infinite
reaction rate combined with the conserved scalar technique makes the combus-
tion calculation extremely simple. The conserved scalar equation is created by
sdding the specics equations together in such s way that the chemical reaction
rate terms ate eliminated. Thus only a single transport equation. which has
no chemical source terms, needs to be soived (see Williams and Libby and the
work by Bilger cited therein).

For ihese calculations a constant mass diffusivity coeficient and constant
density have been used. Thus the current results focus on the effect of tur-
bulence upon diffusion flame propagation. Relaxation of the constant-density
assumption will require incorporation of two effects: 1) perturbation of the
vortex produced vclocity fleld by the volume expansion in the reartion zone.
and 2) vorticity geperation from the deasity gradient vector crossed with the
pressure gradient vector term in the Lagrangian vorticity transport equation.
The importance of such a calculation is that it would provide the feedback of
chemical he= -elease upon the turbulence and is the goal of future work.
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FLOWFIELD

The Sowfleld is two-dimensional and is confined to » square of side length
L through the use of periodic boundary conditions. If during the calculation
a discrete vortex leaves one edge of the square it will enter the square on
the opposite side. Each discrete vortex has a single pairwise interaction with
each of the remaining vortices. Because of the periodic boundaries, the largest
separation distance of 3 vortex pair in each coordinate direction is L/2. The
vortex streamfunction is

v=—Luren, m
4r

where # is the distance from the vortex cenmter. r.,,, the vortex core radius,
and T the circulation strength. In a previous calculation of two-dimensional
separated flow in a channel, the Poisson equation for the streanfunction was
pumerically solved to determine the vortex velocity on the finite-difference
mesh. However. as described in that work (Ashurst et al. 1980) the mesh-
calculated velocity must be corrected at short range (within 3 cell lengths)
to remove non-physical mesh effects. In the current work. direct calculation
of velocity and streamfunction has been used and so no mesh corrections are
required.

To calcuiate the transport of the conserved scalar, an Eulerian mesh with a
40-b¥-40 mesh size is used. The flow is calculated in a periodic two-dimensional
square with side length L. The distance L is used to non-dimensionalize ail
length units. A reference time unit r is used to reduce all time quantitjes,
Thus. these numerical results may be scaled by L and 7. The transport
equatiop for a conserved scalar S is

%§+v.us=pvfs 2)

where D is the constant mass diffusivity coefBcient (== 0.0025L2/7) and the
velocity T is determined from the streamfunction produced by all the discrete
vorticity. The streamfunction produced by the discrete vorticity is calculated
at the corner of each mesh cell, and the velocity through the cell face is found
by differencing the streamfunction corper values. The cell face scalar value
is determined by eighth-order interpolation of the cell values. The transport
is calculated with the fux-corrected transport scheme developed by Zalesak
(1979;. This scheme has recently been evaluated by Barr and Ashurst {19811 for
pure sonvection and for convection with diffusion. One- and two-dimensional
Gaussian profiles were convected at constant speed using a Courant gumber
of one-eighth. For the two-dimensional diffusion case during a three unit time
period, the Gaussian profile diffused at a rate within a half percent of the
desired valye and the profile kurtosis changed by only three percent. Thus.
namerical diffusion is extremely small in this method.

These good results are in sharp contrast with earlier calculations which
defined the cell face scalar value as the average of the two cell values adjacent
o that face. Those calculations produced undesirable over- and undershoots
of the scalar in regions of steep gradients. While the scalar was conserved, it
was not very appealing to have negative values for a scalar bounded between
zero 1nd one. The advantage of the Bux-corrected scheme is that desired
boun:s are never exceeded.

While scalar quantities and their transport are described on a mesh. the
discrete vortices are not. and to advance the vortex locations in time the
velocity at each vortex is calculated from the known vortex lo~ations and their
strengihs. For the vortex trajectories, Adams-Bashforth two-step integration
is used. The new vortex location at time ¢ 4 &t is

.

L+ 6 =Xy + (sern3C) - e — sy 3

This second-order scheme requires a fixed time step (5t = 0.006257 was used).
Tbe scalar transport is advanced from ! to t <+ 4t by using the streamfunction
at t and an interpolated value at f + 6t/2. In the transport subprogram. an
Euler prediction it made for values at t < 51/2 from those values ai ¢. then
a leapfrog step from ¢ to t 4 6t is followed by the flux correction [equa.ions
6’ through 14', 17" and 18’ in Zalesak (1979)]. In the lesp step the convecr'- -
fluses are time centered but the diffusion fluxes are time lagged. t.e, U
diffusion is based on values at time f.

To start 8 calcylation. N discrete vortices are randomly placed it the
square (in these results two hundred such vortices have been used). The vortes
circulation strength and core size are also rapdomly selected within a preset
tange. After selection. the sum of vorticity is adjusted to be zero. Different
initial conditions can be generated by making extra calls to the random number
generator. Thus the calculated velocity fleld has four parameters: 1) sumber
of vortices, 2) range of circulation strength, 3) range of core sise. and 4) the
particular initial conditions. Notice that none of these parameters would be

experimentally measured. Consequently, in order to characterize the veiocity
field in terms of experimental quantities, several jong-time calculations have
been made Lo measure the root-mean-square velocity (RMS) and the velocity
spatial and time correlations. The two correlations can be integrated to
determine the integral leagth and time scales (Tennekes and Lumley. p. 252.
1972). The velocity-time correlation, or autocorreiation, was calculated at four
equally spaced focations along a diagonal of the square for & time period of 55
7, where 7 is the time unit by which these results may be scaled.

Calculations with a core radius range of zero to 0.32 L were made. With
this core range, calculations have been done for three ranges of circulation
strength: I' == +0.1. +-0.2, and +0.4 in units of L2/, where L is the square
edge length. When I' is +0.2L2/7, the RMS velocity is 0.39 + 0.04L/- and
the average velocity autocorrelation decays to zero in about 3 r. Changing
only the circulation parameter creates 3 simpie time scaling relation between
the results: the velocity scales directly with the circulation strengtlh and the
time scales inversely. Therefore, for the weakest case the RMS velocity is 0.20
and the autocorrelation decays to zero st 6 7, while for the strongest case
considered the RMS velocity is 0.78 and the decay time is 1.5 7.

The eflect of the vortex core parameter was determined by reducing the
mazimum core size by factors of two and thirty and recalculating the long-
time correlation. For [ == 40.1.2/+ and mazimum core size of 0.01 L. the
autocorrelation decays to zero at 3 7 (about half of the large core value) and the
RMS velocity increases to 0.32 4 0.02L/7 (from 0.2L/7). The core value also
has a large effect on the spatial structure of the flow. For the two largest core
ranges. the correlations indicate that the flow fleld structure is comparable to
the system size whereas the smaller core results in spatial correlations that are
one-tenth of the square edge, see Ashurst (1981).

DIFFUSION FLAME RESULTS

Assuming chemical reaction rates to be much faster than trbulent mixing
rates produces an infinitely thin reaction zoge which is spatially located wherever
there is a stoichiometric ratio of fue! to oxidizer This assumption of :nfinite
reaction rate combined with the conserved scalar technique makes the diffusion
flame calculstion extremely simple. The conserved scaiar equation is created
by adding the species equations together in such a way that the chemical reac-
tion rate terms are eliminated. Thus only a single transport equation. which
has no chemical source terms. peeds to be solved. The conserved scalar
will be normalized so that pure fue! corresponds to unity and pure oxidizer
to zero. The resction zone value can be left unspecified for this general
study.

The fuel consumption rate is calculated by coansidering a volume which
coptains an oxidizer and into which a fixed amount of fuel is introduced at
time zero. If the velocity fleld at time zero 1s turbulent, then fuel consumption
is expected 1o occur faster thar in a pure diffusion experiment. s e zerc
velocity for all time. Thus comparisons will be made with respect to pure
diffusion conditions. Because of the flame-sheet-mode! assumptions. the time-
dependent reaction rate is known from the conserved scalar time hustory If
the reaction value of the conserved scaiar is specified. then consumption of
all the fuel occurs when the maximum scalar vaiue drops below the reaction
value. For this study the reaction valye need uot be specified and oniv the
mazimum scalar vslue will be recorded as a function of time for comparison
with rhe pure diffusion case.

In an idealized experiment the fuel would be introduced at 3 point or
along a line source of zero radius at time zero. The infinite line source will
generate two-dimeunsional flow ip a plane normal to the line and the taminar
solution of the diffusion equation for the resulting fuel concentration is

- Q
T ) = (‘—rD—aexp[—rz/dDr] (4)

where r3 = 22 4y and Q is the quantity of fuel. After a finite time duration
the soiutiop will be & Gaussian profile with a finite amplitude and it is this
type that is used for the numerical calculation. So instead of using a <ource
of zero size. the initial distribution of fuel and oxidizer (v.¢.. conserved scalar)
is confiped to a circle in the 2,y ylvne whose radius 1s 0.2 L. where L 1s
the square edge length. The concentrai.op is unity at the circle center (pure
fuel} and decays to zero at its edge (pure oxidizer). A cubic distribution is
used with zero concentration gradients at the center and edge of the circle.
approximately a Gaussian proflie. The calculations are done for a time period
of 5 r, at this time the maximum scalar value is 0.2. By anslogy with the
source tilne dependence, the maximum amplitude of the scalar is expected
to have s time dependence of ¢;/(ca + 4D t) where ¢; and c; are reisted to
the initial conditions. The result of a laminar calculation is shown in Figure
1 along with s curve fit with this functiopal form. The agreement with the
desired coefient of 0.0025L3/ is very good.
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Calculations have been done for three ranges of vortex strength: +0.1,
+0.2. and +0.4 in units of L2/r. Two hundred discrete vortices have been
used. In Figure 2. contour plots show the evolution of the conserved scalar
interacting with one of the stronger turbulent velocity fields. During this
same unit time period, the pure diffusion contours expand by only twenty-
five percent and of course remain circular. At time 7, the mazimum scalar
concentration in Figure 2 is 0.27, whereas in the pure diffusion case the
corresponding time to reach 0.27 maximum concentration is 3.5 r. Thus if a
partiruiar fuel-oxidizer system reacted only at this 0.27 scalar concentration,
the effect of turbulence in this case would be an apparent fuel consumption
rate 3.5 times the laminar value.

For each range of vortex strength, an ensemble average was formed by
using five different initial conditions obtained with different random numbers
in selecting the initial vortex locations and core sizes. The variation in the
scalar contours produced by the weakest vortex fleid after two time units are
shown in Figure 3. Figure 4 shows the average time bistory of the maximum
scalar amplitude and the standard deviation about the mesn. In addition.
a curve fit with the form of ¢,/(¢c; 4+ 4D t) is shown by the chain-dashed
line. The initial time period was ignored in determining the curve fit. The
apparent values of D are 0.0039, 0.0042 and 0.0050 L3/, in order of increasing
velocity field turbulence intensity. A plot of these values versus the turbulence
intensity ¥ields a straight line, but the line does not pass through tbe laminar
value of 0.0025. This extrapolation would imply enhanced diffusion at laminar
conditions and thus must be rejected. This indicates that instead of forcing
the turbulent results to the laminar form, a higher order polynomial shouid
be used.

As another way to summarize the resuits, the laminar amplitude (Fig. 1)
divided by the turbulent value is plotted in Figure 5. This ratio starts at unity
because of the identical initial conditions, but then shows increasing diffusion
at 3 linear rate. The linear slope of each curve {ignoring the intial region) is
plotted versus the velocity fleld turbulence intensity in Figure 6. Now a linear
variatiop with turbujence intensity has been obtained which reduces to the
laminar value at zero turbulence intensity This result allows estimation of
scalar turbulent diffusion by knowing only the RMS velocity and the laminar
time dependence. However, the current resuits have not investigated the eflect
of turbulent length scale. In premized calcuiativns of flow structure on flame
speed {Ashurst. 1981), the core range bad an important effect on the flowfield
lengis scale and flame speed. Thus the current results may also depend upon
the core range of the vortices.
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Figure 1. Calculated time dependence of maximum scalar amplitude for
pure diffusion (solid liue). Note the good agreement with the chain-dash line
which represents the analytical source time dependence.

CONCLUSIONS

The combination of s Lagrangian calculated velocity fleld with an Eulerian
scalar transport method allows new insight into turbuleat combustion probiems.
It will now be possible to use the calculated flow structure to generate probabil-
ity distribution functions of scalar diffusion. These results could be used 10 im-
prove existing models of turbulent diffusion. The peed for turbulence modeling
assumptions in this Lagrangian-Eulerian method has been greatly reduced be
cause subgrid-scale fluxes on the Eulerian mesh can be directly calculated from
the known discrete vortex locations. In this work. the dramatic effect of
turbulent mixzing upon diffusion Same propagation has been shown by cal-
culation of time dependent conserved scalar diffusion. Premized combustion
can also be investigated if one calculates transport equations which include
chemical reaction rate terms. Extending this work to cover beat release
effects upon the turbulence. by adding volume change and the term of densny
gradient vector crossed with the pressure gradient vector in the vorticity
transport equation, will provide 3 major advance in turbulent reacting flow
analysis.
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Figure 2. Two-dimensionsl turbulent mixing of a conserved scalar is
shown by contours of scalar concentration. The vortex circulation range is
+0.4L2/~ and the figures are at 0.2 intervals. starting with 0.2 in Qgure a
and cpding with 1.0 in figure e. Without the turbulent velocity fieid. the
contours at time 1.0 would be circles with a largest radius of 0.4 of the square
edge.
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Figure 3. Ensemble varistion of scalar concentration contours at time 2:.
The vortex circulation range is £0.1L2/7. The contour lines at the edges of
the square are connected vis the periodic boundary conditions.
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Fignre 4. Variation of maximum scalar amplitude with velocity field T e o8 H ¥
B intensity: from top 10 bottom the RMS velocity is 0.2. 0.39 and 0.78 L/r, RMS VELOCITY
* corresponding to vortex circulation ranges of +0.1, +0.2 and +0.4L°/r. The
1 mean value (solid line), stsndard deviation about the mean (dash lines) and 3 i
1 curve At with the Jaminat functional form (chain dash line) are shown. Figure 8. The livesr siopes from Fig. $ are plotted versus the RMS
velocity and do reveal a linear dependence on turbulence intensity.
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ABSTRACT

The paper deals with the application of a
Reynolds stress closure model of turbulence to the
calculation of wall jets developing on plane and con-
vex curved surfaces. Good results are obtained for
the mean flow field, the growth rate of the jet and,
in particular, the distance between the points of
zero shear stress and zero mean velocity gradient
which increases as the result of the suppression by
convex curvature of the turbulence in the inner layer.
The turbulence field is less well predicted although
the results are not significantly inferior to those
obtained previously for curved wall boundary layers.
Deficiencies are identified in the modelling of tur-~
bulent diffusion and energy dissipation rate.

NOMENCLATURE

o

jet slot height (Figure 1)

skin friction coefficient defined with respect
to L fe14)

fac%or applied to mixing length for curved flow
distance measured normal to curved surface
normal distance to half-velocity point {Figurel)
production rate of turbulent kinetic energy
production rate of Reynolds stress ujuj
fluctuating pressure

2 x (turbulent kinetic energy) =u2 + vZ2 + w2
surface radius of curvature

local streamline radius of curvature = R+n
distance measured along curved surface
streamwise component of mean velocity

velocity at edge of wall jet (plane flow only)
maximum mean velocity

Up Uy - U,

velocity in slot exit plane

components of fluctuating velocity in s,n,z
directions

interdependent constants in pressure strain
model, equation (2)
enpirical constant
ion, equation (1)
distance from surface of velocity maximum
distance from surface of point of zero shear
stress

€ dissipation rate of turbulent energy
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INTRODUCTION

The turbulent wall jet is an interesting flow
because it consists of a wall layer and a free shear
layer interacting with each other and thus it possesses
many of the characteristics of both. It is also an

4.)

example of a relatively simple shear layer in which the
point of turbulent shear stress reversal does not
coincide with the point of maximum mean velocity but
lies inside it, closer to the wall. This feature of
the flow obviously cannot be predicted by simple grad-
ient transport models of turbulence although it turns
out that for the wall jet developing on a flat surface,
the zeros of shear stress and mean velocity gradient
are close enough to one another for the difference to
be overlooked so that eddy viscosity models can be
used to describe the principal features of the flow (1l).
In the case of a wall jet developing on a longitudinal-
ly curved surface the turbulence structure is
affected by the curvature in ways which cannot be
satisfacterily accounted for in terms of simple grad-
ient hypotheses. If, for example, the surface curva-
ture is convex the e»tra strain introduced by it tends
to reduce the turtrulence intensity and shear stress in
the near wall layer where the angular momentum of the
flow increases in the directi. . of the radius of curva-
ture. The reverse occurs in the jet-like layer out-
side the velocity maximum where turbulent activity is
increased by the curvature. Curved wall boundary
layers and other curved shear layers without a velo-
city maximum may be calculated with fair accuracy when
the ordinary plane flow mixing length distribution is
modified as suggested by the buoyancy analogy (2,3)
by a factor

F=1-8 U/r

3U/3n
where U is the streamwise compchent of the mean
velocity, n is the co-ordinate ncrmal to the local
flow direction, r is the local streamline radius of
curvature and B is an empirical coefficient of order
ten. (Figure 1l is a definition sketch for the wall
jet) . Unfortunately it turns out that 8 is not
universally constant for different types of curved
flow and this lack of generality has led to the
abandonment of (1) in favour of predictive schemes
based on the numerical solution of modelled transport
equations for the Reynolds stresses which, in the case
of curved flow, contain in exact form extra-strain
production terms introduced by the curvature (4,5).
The shortcomings cf ¢3dy viscosity modelling are yet
further emphasised by the curved wall jet. Intuition
suggests, and experiment confirms, that the suppress-
ion of turbulence in the wall layer and its augmenta-
tion in the outer flow result in an inward shift of
of the zero shear stress point relative to the
velocity maximum. The distance between these two
points is too great to be ignored, turbulent stress
diffusion assumes an important role, and local
conditions depart from the quasi local equilibrium
implicitly assumed by the simpler models. It appears

=1 - B8s (L)
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that the minimum requirement for a satisfactory pre-
diction method in this case is that a transport
equation for the shear stress be solved and the
importance of turbulent transport makes this flow an
important and stringent test of transport equation
modelling.

The flow in wall jets is well documented and in
recent years a number of detailed turbulence measure-
ments have been published. The literature has
recently been critically reviewed by Launder and
Rodi (6) for the 1980-81 AFOSR-Stanford Conference on
the calculation of complex turbulent shear flows. Of
four studies of constant-radius convex curved flow
the most recent, and by a considerable margin the most
detailed, is that of Alcaraz (7, 8! in which a
relatively low slot height to radius ratio
(b/R = 0.0032) was used to obtain a closely two-
dimensional flow. The curvature was, however, large
enough to prcduce measurable effects on the turbulence
structure along the lines described above. A self-
preserving form is achieved when the wall jet develops
on a logarithmic spiral; of three sets ‘of data re-
viewed in (6) the most closely two-dimensional is
that of Guitton and Newman (9) which is also particu-
larly suitable for stress model validation in that (as
in 7) hot-wire data are provided for all four non-
zero Reynolds stresses.

Proposals for closing the Reynolds stress eguat-
ions abound in the literature and form the bases for
numerous prediction methods which have been applied
to complex shear layers with varying degrees of
success. Irwin and Arnot Smith (10) first used the
method to calculate curved flow with the model of
Launder et al (l1). The treatment was formally limit-
ed to shear layers with mild longitudinal curvature
by the use of the plane boundary layer form of the
mean momentum equation and the consequent neglect of
the cross-stream variation of pressure. Results were
obtained for curved wall jets, boundary layers and a
curved free jet and demonstrated the capability of
Reynolds stress modelling tc predict the influence
of curvature on flow development, although on account
of the limitation noted the agreement with experiment
deteriorated for flows of large curvature, the rate
of growth of the wall jet (9) being significantly
underpredicted. Moreover the limited amount of tur-
bulence (as distinct from mean field) data available
at the time of this pioneer study meant that very
searching comparisons could not be undertaken.

Irwin and Arnot Smith (10) modelled the
difficult pressure strain redistribution terms in the
Reynolds stress equations in the way suggested by
Launder et al (11):

du
2_ —a .2
p(axj + ax )= -Cl =(u u 5 ij q ) a{pP 1373 6ijP)
q? (a) (b)
au
- __i _2
Bq (axj 3’(1) y(Dij(d? sijp) (2)

where Pjj is the rate of production of ‘uiu.:
au au, J

Pyg = = Uy ax, Ut

(3)
k
U u
kK — k
Dig == uyw N 3% B, (4)

P is the rate of production of turbulent energy > L q2
and C;, a, Band Yy are constants evaluated from
simple shear flow data (the last three are simple
functions of a single empirical constant). Term (a)
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in (2), originally due to Rotta (12) , represents the
wholly turbulent contribution to pressure strain and
the remaining three terms are the mean-strain, or
rapid, terms which Chou's (13) analysis shows should
be present. Equation (2) requires some modificatio=n
to take account of the influence of the wall or inter-
component energy transfer; these effects were modelled
differently in (10)and (11) but the details are
inessential to the present discussion.

Recently the present authors (5) used an abbrevi-
ated form of (2), in which only terms (a) and (b)
appeared, to calculate for curved wall boundary layers
with fairly satisfactory results.The isolation of the
‘anisotropy of production' term (b), which Launder
et al (11) in their original paper recognised as the
dominant one in the rapid part of pressure strain,
permits different interpretations of Pjj. Whern the
Reynolds stress equations are transformed from
Cartesian to curvilinear co-ordinates there appear
extra generation terms due to rotation of axes. Al-
though these have the same form as the other stress
generation terms: the product of a Reynolds stress
and a mean rate of strain (in this case the 'extra'
strain U/r), they do not appear in Pjj defined by
(3) when this is transformwed to curvilinear co-
ordinates®. In using the shortened form of (2) the
present authors had no inhibitions about interpreting
Pj4_in in term (b) as being the total production rate
of ujus including terms arising from axis rotation.
The ef%ects on model predictions for curved flow are
significant. 1In the local-equilibrjum limit, when
mean flow and turbulent transport become negligible,
the Reynolds stress equations reduce to a set of
algebraic equations for the stress ratios. Irwin and
Arnot Smith showed that for these conditions the
pressure-strain model (2) predicts collapse of the
shear stress in curved flow when the curvature para-
meter S (defined in (1)) reaches a critical value of
0.1 in free flow and 0.085 when a near-wall correction
factor is applied. 1In contrast our simpler model,
which includes the axis rotation terms, and constants
evaluated from plane flow data, predicts (14)
collapse at S = 0.17. The measurements of So and
Mellor (15) in a boundary layer subjected to severe
stabilising curvature suggest a critical value of
about 0.15.

The present contribution may be regarded as an
extension of our previous curved wall boundary layer
calculations (5) to the rather more difficult case of
a wall jet on a convex surface. It is unnecessary to
repeat here the full description of the turbulence
model and calculation method which is given in (5) but
it may be helpful to itemise the principal features as
follows:

1. the pressure-strain correlation of the
Reynolds stress equations is modelled by
an abbreviated form of (1)

du 3u —
Pt ,_ 3 a-c Ego -1 2
O(axj + Bxi) Clq_f(uiuj 3 £..q")

2
- Cz(l'»“.lj - 36 P) (5)

“In their study of swirling jet flow Launder and
Morse (16) used (2) and treated the eguivalent extra
terms as convection terms.




where P; 4 is interpreted as discussed above
and C) and C) are constants, equal to 3.6
and 0.6 respectively, evaluated from plane
flow data.
both terms in (5) are modified by a wall
damping factor based on an original pro-
posal by Shir (17) and extended by Gibson
and Launder (18) to account for wall
effects on density stratified turbulence.
turbulent transport of Reynolds stress is
modelled by a simple gradient diffusion
hypothesis for the triple correlations:
- du u
uug = - G %‘ ") a%,
the turbulence energy dissipation rateg,
is obtained from a modelled transport
equation identical in form to that proposed
in (11).
the cross-stream variation of pressure in
curved flow is accounted for in a marching
boundary layer procedure by assuming

1 v
pon r

near the wall the finite-difference solut-
ion is matched to the logarithmic law of
the wall consistent with the observed per-
sistence of a logarithmic layer in curved
flow albeit much diminished in extent by
strong stabilising curvature.

We have also tried the long expression (2)
for pressure strain and various alternatives to the
triple correlation model (6) whose shortcomings are
exposed by the wall jet in which turbulent diffusion
is more important than in a boundary layer.

In adapting {2) to wall flow we have used the
Shir (17} correction of our other model so that the
full wall-flow version differs in detail from those
of Irwin and Arnot Smith (10) and Launder et al (11).
The additional constants involved (C{ and C) defined
in (5)) are set equal to 0.5 and O.1; these give
approximately the correct stress levels for plane
wall boundary layer flow. Wall jet predictions are
compared with the very detailed measurements
of Alcaraz (7, 8) and those of the self-preserving
flow studied by Guitton and Newman (9); the data
of Irwin (19) are used to check model performance
for plane wall jet flow.

(6)

(7N

RESULTS AND DISCUSSION

We first checked the model and calculation
method for plane flow using as a standard the self-
preserving wall jet data published by Irwin (19).
The jet develops in a moving stream and self-
preservation is accomplished in a tailored pressure
gradient; the maximum to free-stream velocity ratio
is 2.65. Figure 2 shows the measured and predicted
development of the mean flow downstream of the
injection slot. The symbols are defined in Figure 1
with the exception of &' which is the distance from'
the surface of the point of zero shear stress. The
ratio §/8*, in which § is the distance from the sur-
face of the mean velocity maximum, is about 1.4 and
increases very slightly with distance measured down-
stream, a slight departure from exact self-
preservation. This value, and the slight increase,
are closely reproduced by the model as are the growth
rate, decay of maximum velocity and streamwise
variation of skin friction displayed in Figure 2.
Profiles of mean velocity and of the four non-zero
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components of Reynoclds stress are shown in Figure 3.
Two sets of predictions are represented by continuous
and broken lines; the latter were obtained from the
Irwin-Smith pressure-strain hypothesis, equation (2),
the former from equation (5). The differences here,
for plane flow, are within the data scatter; both
tend to overpredict the turbulent kinetic energy just
outboard of the velocity maximum, mainly because high
values of uZ are calculated. Otherwise the agreement
appears to be very good apart, perhaps, for the
slight discrepancies observed at the edge of the jet.
We expected good mean field predictions because
Ljuboja and Rodi (1) had demonstrated that these were
obtainable with the equivalent algebraic stress model
(which reduces to an eddy viscosity form). It was
pleasing to find that the full stress model reproduced
80 closely the distance between the points of 2ero
stress and maximum velocity which must have been
calculated as coincident in (1).

Turning now to the curved wall jet, Figure 4
shows the predicted development of the mean flow
compared with the measurements of Alcaraz (7,8). The
agreement, though satisfactory, is not quite as good
as for the plane jet and significant differences
appear in the results given by the two pressure strain
hypotheses, particularly in respect of the ratio 1
§/8' which increases sharply, and continues to
increase, in the curved flow to double the plane layer
value. This increase which, as noted, is due to
suppression by curvature of the turbulence in the near
wall layer and the reverse in the outer flow, is
closely predicted by the model (5), while that of
Irwin and Smith (2) tends, relatively, to exaggerate
these effects. The predicted cross-stream variation
of mean velocity and the Reynolds stresses plotted in
Figure 5 show reasonably good agreement with the data.
Also plotted is the shear stress profile deduced from
the mean flow measurements and momentum equation; this
shows some evidence of three dimensionality in the
destablised outer layer which possibly accounts for
the deteriorating level of agreement there. As expect-
ed the Irwin-Smith pressure strain model (broken-line
predictions) again predicts higher stress levels in
the outer layer; in the inner flow the difference
between the two models is less apparent.

Both models give fajirly good results for the
shear stress and v2 in the near wall layer but neither
reproduce the redistribution of energy between the
other two components and, most noticeably, the
significant increase in w2 to a value greater than
that of uZ as the wall is approached. This phenomenon
appears to be genuine since it appears also in the
measurements of Guitton and Newman (39) presented in
Figure 9.

The turbulence energy and shear stress balances
presented by Alcaraz provide a welcome opportunity
to test the model assumptions in detail. The most
noticeable feature of the measured energy balance
shown in Figure 6 is the important role apparently
played by pressure diffusion in the wall layer. This
rises to a sharp peak inboard of the velocity
maximum where it is offset to a large extent by
velocity (triple correlation) transport of the
opposite sign. The net turbulent transport is thus
relatively small but by no means insignificant: it
and the energy dissipation rate appear to be the
dominant terms in this region. The pressure diffusion
data reproduced in Figure 6 were not obtained by
direct measurement but by difference to complete the
energy balance. The net turbulent transport near the
wall is quite well represented by the gradient
diffusion hypothesis (6) although the level of agree-
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ment deteriorates further from the wall. Equation (6)
has been criticised because it is not compatible in
its symmetry properties since only the left hand side
is independent of the order of the indices i, j and
k. Lumley (20) has suggested that a possible reason
why it usually gives good results for wall flow may
be that it absorbs some pressure diffusion which is
not symmetrical and which is not modelled explicitly.
The present results tend to support this view but we
would not press the point too hard. Of the remaining
terms in the energy balance the mean flow transport
and production rate, which present no problems in
measurement or prediction, are reasonably well pre-
dicted. The discrepancies noted for turbulent trans-
port are reflected by the significant difference be-
tween measured and predicted values of the dissipat-
ion rate outside the velocity maximum. This apparent
failure to reproduce the dissipation rate is rather
surprising in view of good results obtained for aZin
this region and may be contrasted with the much
better level of agreement obtained in this respect
with the same models for a curved (stable) mixing
layer (4). The flow in the outer layer is not unlike
that in a mixing layer but these results seem to be at
variance with those previously reported for such flows
(see, for example, the review by Rodi (21)) and with
what might be expected intuitively. The dissipation
rate was obtained by Alcaraz from the isotropic
relation: _—
e = 15uH? (8

Closure of the modelled equations is effected by
solving the simple and widely used equation recommend-
ed by Launder et al (ll) for the dissipation rate:

De a:g 23:

ot - Ce R an )

vO a5+ i.;—z—(cel %- Ce,)
This equation has given good results for simple shear
layers but its usefulness in more complex flows has
recently been questioned. For example Launder and
Morse (16) identified the modelling of the source
terms in (9) as a major weakness in their Reynolds
stress model of a swirling jet and Rodi (22) describes
empirical modifications which improve performance for
the analogous effects of buoyancy and rotation.
Hanjalic and Launder (23) now recommend the inclusjon
in {9) of additional normal stress generation terms.
We found that neither of these proposals made signi-
ficant differences to the predictions (4) of a curved
mixing layer and so, for the time being, we are con-
tent to retain (9) for curved flow calculations.

The shear stress balance, Figure 7, reveals
high measured rates of turbulent transport in the
vicinity of the velocity maximum which are not repro-
duced adequately by the simple gradient transport
model (6) where the deficiency is offset in the pre-
dictions by an equivalent discrepancy in pressure
strain, obtained from the measurements by difference.
We have experimented with alternative models for the
triple correlation without achieving significantly
better results. Figures 6 and 7 show turbulent diffu-
sion calculated from the invariant relationship re-
commended by Laundeﬁ et al (1l):

—_— al ooy du, u
- - qc |3 ki
uiujmk Cs lu up Tij(g__ + uqu 3)(2
Bu
+ U, Uy 'aTl (1o)

The result is to increase the net diffusion near the
wall but the change is very small.

The final comparison is made with the data of
Guitton and Newman (9) whose nominally self preserving
wall jet developed on a logarithmic spiral. The
results for s/R = 1 are presented in Figures 8 and

9 and show much the same level of agreement as that
noted for the other flows. The ratio §/6‘ cannot be
obtained accurately from the published data; the large
predicted value of 7.0 appears to be broadly consis-
tent with the measurements,.

CONCLUDING REMARKS

The calculations presented in this paper have
been carried out as part of an ongoing programme of
research motivated by the requirement for a generally
applicable predictive procedure for complex shear
flows with density stratification, rotation and/or
streamline curvature. The work is thus a continuation
of our studies of buoyancy (18) ,curved free flow (4)
and curved wall flow (5) with the same turbulence
model, and it is a logical extension of the latter.
Moreover the wall jet possesses interesting and in-
dividual features which are exaggerated when the flow
develops on a convex curved surface. One of these,
which can only be predicted with a stress equation
model, is that the zeros of shear stress and mean
velocity gradient occur at different places. The pre-
sent model accurately predicts the distance between
these two points and the extent by which this distance
is increased by the stabilising action of convex
surface curvature.
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MEASUREMENTS IN THE HEATED TURBULENT BOUNDARY LAYER ON A

MILDLY CURVED CONVEX SURFACE

M.M. Gibson, C.A. Verriopoulos
(Imperial College, London)

and

Y. Nagano
(Nagoya Institute of Technolagy, Japan)

ABSTRACT

Measurements of mean velocity and temperature,
and of surface heat flux, have been made in a turbu-
lent boundary layer on a heated convex surface of
modest curvature (§/R ~0.01). The results show sur~
prisingly large curvature effects on heat transfer: at
the end of the curved plate the Stanton number fell by
18 per cent of the predicted flat plate value; the
corresponding fall in the skin friction coefficient
was 10 per cent.

Profile measurements of temperature and velocity
were obtained well into the viscous sublayer.

NOMENCLATURE

cf skin friction coefficient, equation (4)

Sp static pressure coefficient, 2(p-pref)/pu‘pw
specific heat

d" heat flux

R radius of curvature of plate

s distance measured along curved wall

T temperature

T+ dimensionless temperature, equation (6)

U velocity

ut dimensionlcss velocity U/ug

u, friction velocity, er7o

Y distance measured normal to the wall

yt dimensionless distance, yut/v

L2 enthalpy thickness, equation (2)

62 mcmentum thickness, equation (1)

8 boundary layer thickness

o) density

T shear stress

v kinematic viscosity

Subscripts

P potential flow

w wall

o free stream

INTRODUCTION

The effects of longitudinal curvature on the
turbulence in boundary layers are well known. When,
for example, a boundary layer develops on a convex
curved surface, such as the suction surface of a wing
or turbomachine blade, the angular momentum of the
flow increases in the direction of the radius of
curvature with the result that the shear stress and
turbulence intensity are reduced to values often
substantially less than those in an equivalent plane
wall flow. The reverse occurs in the flow on a
concave surface where the turbulence is increased by
curvature. 1In contrast to laminar flow, where the

fractional change in shear stress is of the same
order as the ratio of the boundary layer thickness to
the radius of curvature, turbulent flow measurements
show fractional changes an order of magnitude greater.
These effects on the turbulent velocity field are now
well documented particularly for convex-wall flow. The
survey paper by Bradshaw (1) contains details of
research up to 1973; since that date a number of
detailed hot-wire measurements in isothermal curved
flow have been reported (2-6).

In marked contrast to this activity in the study
of the hydrodynamics of curved flow the effects of
curvature on turbulent heat transfer have received
little attention. The superscnic flow measurements
of Thomann (7), and the more recent resultsfrom an
incompressible boundary layer reported by Mayle et
al (8), show that the turbulent heat flux is affected
in the same way as the shear stress: depressed in
flow on a convex surface and augmented in flow on a
concave surface. Since, however, the corresponding
variation of shear stress is not given in these
papers it is impossible to judge whether the heat
flux changed by a greater or lesser amount. There is
no reason to suppose apriori that the changes in these
two quantities are equal; on the contrary, in the
analogous (9) case of density stratified flow the
differencesare appreciable., Measurements (10) in the
atmospheric surface layer show heat transfer to be
significantly more affected by buoyancy than momentum
transfer or, stated alternatively, that the turbulent
Prandtl number is a strong function of the stratifi-
cation and increases with increasing stability. The
curvature and buoyancy generation terms appear
differently in the stress and heat flux equations
in each case and suggest that changes of the same
order might appear in curved flow (1l1l).

An estimate of the relative cE;nges may be made
from the mean temperature and surface heat flux
measurements of Simon and Moffat (12) because details
of the turbulent velocity field are reported by
Gillis et al (13)*. Measurements were made in the
boundary layer on a ninety degree bend followed by a
flat plate recovery flow. The test wall was construct-
ed of individually heated segments which allowed
steady state measurement of the spanwise averaged wall
heat flux by energy balance. In two experiments
maximum values of §/R were 0.051 and 0.077. 1In each
case the Stanton number at the end of the curved

*Earlier measurements (3) referred to in (12) were
made in a nearly but not quite identical wind tunnel
and show slight but significant differences in flow
conditions and results.
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Figure 1. The wind tunnel working section showing
traverse stations and symbols.

section fell by approximately 34 per cent of the
calculated plane-flow value while the skin friction
coefficient (13) showed only a 30 per cent fall.

The exp;;iment now to be described, which was
conceived before we became aware of Simon and Moffat's
work, stems from Gibson's (ll) speculations based on
modelled equations for Reynolds stress and heat flux.
The model, which gives good results for heat transfer
in density stratified flow (14), suggested that the
effects of curvature on heat transfer are less than
on shear stress, with the turbulent Prandtl number
in local equilibrium flow decreasing with increasing
stability. Coincidentally So (15) obtained the
contrary result from a different model* and has since
(16) used the data of (12, 13) to support his
hypothesis. We are not, however, concerned here with
the minutae of turbulence modelling. In the present
paper we report measurements of mean velocity, mean
temperature and surface heat flux made in the bound-
ary layer growing on a moderately curved convex plate
for which §/R =0.01. Previously published data (4,5)
show that this degree of curvature is sufficient to
produce measurable effects and it was chosen in order
to minimise problems with secondary flow which might
be exacerbated by heat transfer. Measurements of the
mean and turbulent velocity fields have been described
elsewhere (6); these exhibit the characteristic
features of convex wall flow: a diminished rate of
layer growth and a progressive damping of turbulence
in the layer.

EXPERIMENTAL ARRANGEMENT AND PROCEDURES

The measurements were made in the boundary
layer on the lower, heated, convex wall of an open
circuit wind tunnel (Figure 1). The boundary layer
developed first on a flat heated plate 1.22 m long to
a thickness, §, of 17 mm at the start of the curved
section, also heated, of constant nominal radius
of curvature, R, 2.44 m and length 1.22 m. The tunnel
cross section in the plane approach flow was constant
at 305 x 102 mn? but at the start of the curved plate
the section height was increased to 105 mm in order to
reduce the negative pressure gradient on the test
wall. Figure 1 shows the positions of the traverse
stations; the reference free stream velocity measured
at station 1, 705 mm upstream of the curved plate,
was nominally 22.6 ms™! throughout the experiments.
The boundary layer was tripped at the start of the
flat plate and the momentum thickness Reynolds number
at inlet to the curved section was 3300. The maximum
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Figure 2. Streamwise variation of wall static
pressure and temperature.

value of §/R, measured at the exit, was 0.0ll and

the free stream turbulence level was less than 0.4 per
cent throughout. Preliminary pressure tube measure-
ments showed that the mean flow was cleosely two-
dimensional up to 150 mm from the curved section exit;
in the exit plane the two sides of the mean flow
integral momentum equation differed by no more than 10
per cent when the skin friction coefficient was
evaluated by the Clauser chart method.

The 12.5 mw thick aluminium test plate was heated
to 14 deg C above ambient with an electric blanket.
Sets of three copper-constantan thermocouples spaced
at 50 mm in the spanwise direction were located at
intervals of 120 mm along the flat and curved sections.
The variation in plate temperature along the measure-
ment length was found to be within *0.75 deg C from the
mean, the greatest temperatures being recorded around
the start of the curved section (Figure 2). Provision
was made for inserting miniature heat flux meters at
ten locations spaced unevenly (~ 150 mm) on the centre
line in downstream half of the flat plate and in the
curved section. These meters are of the Schmidt-
Boelter multiple thermocouple type, 9.4 mm diameter,
and were specially made by the Medtherm Corporation
in aluminium so as to be compatible with the_plate
material. Their sensitivity is 40 mV W-1 cm® and
their accuracy is estimated at * 2 per cent.

Mean velocity measurements irn the boundary laver
were made with a flattened Pitot tube except very close
to the wall (y* <25) where a constant temperature 5 uc
tungsten hot wire was employed. Corrections for wall
proximity have not been made in view of the evidence
(17) that these are significant only for y*t<4, or
roughly the lower limit of the measurements. Mean
temperatures at the same traverse stations were
measured with a 12 um chromel-alumel thermocouple
of length-to-diameter ratio 580. Errors associated
with conduction to the thermocouple supports and
radiation from the heated plate were estimated (18,19)
to be less than 0.03 deg C. The thermocouple output
was amplified (x 1000) in a Precision-Monolithic
OPO7A low noise amplifier to be digitised and linear-
ised in an Apple II microcomputer. The hot wire and
thermocouple were positioned when close to the plate
with a micrometer traverse accurate to 10 um. The
wall temperature recorded by the thermocouple probe
differed by no more than $0.]1 deg C from the tempera-
tures recorded by the thermocouples set in the plate.

RESULTS AND DISCUSSION

The pressure distribution obtained from static

.In which the mean strain contributions to the
difficult pressure scrambling terms, included by
Gibson (1l1), are omitted.

pressure tappings in the test plate before the electric
blanket was fitted is shown in Figure 2. The pressure
coefficient Sp is defined with respect to reference

4.8




\ I 5
i ar
= sz o &, o
=) )
h (mm) 0 Az o
3r [
a o
o
¥ 2k o
i 0 o
E §- o
~ CURVED PLATE
32 a —— -
q o 1+
b L | L
12 -500 [=] 500 1000
i<’ S (mm)
g
"'5 Figure 3. Growth of boundary layer momentum and

enthalpy thicknesses.

0003
TN st
’ [ 0 HEAT FLux METER
H §'5t ® TEMPERATURE PROFILE
% Q\l\‘ — 00296 ReP? Pr o
' ] iy S
- o s —
&
i
8 003%™ 4 veoGiTY PROFILE
¥ . (QaveE CH:T)
-' — = 00296 Rey
B FLAT | CURVED
s ° ) I 1 I 1
oS 10 13 20 25 30 as
Regs w0
B Figure 4. Streamwise variation of skin friction
E coefficient and Stanton number plotted
. against length Reynolds number.
261
U#
20—
195 |-
10K
5 -
L~
o =
] | —
O?‘/— .
o=
o=
ot ey
Figure 5. Measured velocity profiles in universal

wall co-ordinates.
Symbols defined in Figure 1.

4.9

Figure 6.

Velocity profiles in the sublayers.
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conditions at the first traverse station and the
local potential velocity at the wall, The inte-
gral momentum and enthalpy thicknesses evaluated from
mean velocity and temperature traverses on the

plate centreline are plotted against streamwise
distance, s, in Figure 3. These gquantities are de-
fined as

8, =70 - gy ()
o °p p
@y T-T,

Ay 24 U—'(l - ——)dy (2)
o pw T~ T,

The observed higher rate of growth of A; is consis-
tent with values of Stanton number

- Qy

T -

pchpw( -
which are plotted in Figure 4. These are greater
than values of one half the skin friction coefficient
defined by

st (3)

T )
w

T
W

DUpw
over the entire measurement length. Fluid property
values used in (3) and (4) have been evaluated at
the mean, or film, temperature o.S(Tw + T ). In the
plane approach flow values of the wall heat flux q,‘;.
recorded by the heat flux meters are supplemented by
and checked against the local Stanton number obtained
by plotting temperature profiles on the thermal
equivalent of a Clauser chart. The results are
entirely consistent and agree with plane wall values
given by the correlation recommended in (2Q). The
Clauser chart method has been used throughout to
calculate c¢ from the velocity profiles. The most
striking feature of the results plotted in Figure 4
is that the Stanton number in the curved flow falls
more rapidly from flat plate values than does the
skin friction coefficient. Thus at the last traverse
station, s 1 m, St has fallen to 82 per cent znd
cf to only 90 per cent of their respective plane flow
values. These disproportionate effects are even more
marked upstream where in the first half of the
curved section a significant drop in St is observed
and cg is but little affected. The results are
broadly consistent with those of Simon and Moffat (12)
the milder curvature of the present experiment pro-_-
duces smaller falls in St and cf but not proportion~
ately so. The fall in St relative to cf is apparently
much greater than that reported in (12) and (13) and
the effects on c¢ in the present case of the mild
favourable pressure gradient (Figure 2) must be
considered. The pressure gradient term contributes
up to 15 per cent of the mean flow momentum balance;
this is offset to some extent by the lower growth
rate of the accelerated boundary layer (the present
measurements of d5)/dx are fully 20 per cent lower
than those quoted by Coles (21) for uniform pressure
flow) so that the net effect on cf is relatively
small, as is suggested by the excellent agreement
with *he flat plate correlation in the plane approach
flow.

Figure 5 is a semi-lugarithmic plot of the
mean velocity profiles in universal wall co-ordinates
(U* ~y*). These all show clearly defined logarithmic

x
3 (4)

with K = 0.4]1 and C = 5.0. Profiles in the sublayers
(y* < 24) are also shown in the linear plot of

Figure 6. Here the data collapse satis€actorily on a
single curve; the scatter appears to be random and
within the margins of experimental uncertainty includ-
ing hot wire positioning error (< 10 um, unit y*
corresponds typically to 15 um). The departure from
the U* = y* asymptote at y* = 4 is attributed to the
wall proximity effects documented ir (17) for which
no correction has been made.

The corresponding plots of T* against y* are
presented in Figures 7 and 8. In contrast to the
Simon-Moffat data for stronger curvature these all
show well defined logarithmic regions fitted by the
expression

pu_c (T-'Lw) )

A

+

T = 6)

R

tny
- t

A significant difference from the velocity profiles
is that the 'constants’' K¢ and Cy change in the
curved flow as indicated on the graph, the slope
increasing (Ky decreasing) with distance along the
curved plate. The first twc profiles of the plane
flow are fitted by (6) when K¢ = 0.48, C¢ = 3.8 to
give an approximate value* of the turbulent Prandtl
number near the wall Pr¢= K/K, = 0.85 consistent with
values estimated in the Kader and Yaglom (22) survey
of flat plate data. Towards the end of the curved
plate, however, the profiles are best fitted using
K¢ = 0.4 so that the turbulent Prandtl number rises
to approximately 1,03. This result, which is at
variance with our model predictions (ll), is not as
surprising as it might have been had we not seen the
Stanford results (12, }_Zi) which, according to So's
(16) analysis of the data, exhibit the same trend.
Sublayer profiles of T* are presented in Figure 8.
It was possible to get much closer to the wall with
the thermocouple than with the hot wire probe and,
within the estimated uncertainty margins indicated
by the bars, the profiles collapse satisfactorily
on a sirqls curve with asymptote T = Pr y* as

y* +0. There is a slight but possibly significant
differrnce from the sublayer velocity profiles of
Tigu-e 6 in that scatter is apparently not random

but -hows ¢ consistent trend for T* to increase at
a given y* .5 the curved flow develops. It is,
Luwever, i.possible to be quite certain about this

trend in view of the experimental uncertainty.
CONCLUS1ON

The results of this experiment on a mildly
curved heated boundary layer show that convex curva-
ture depresses the surface heat flux by a greater
proportionate amount that it does the skin fraction.
Mean velocity and temperature profiles both exhibit
clearly defined logarithmic regions in the curved
flow but the gradient of temperature increases as the
flow develops. Approximate estimates of the turbulent
Prandtl number cbtained from the gradients in the
logarithmic layer show this quantity to increase
from 0.85 at the start of the curved plate to a
little over unity at the end. Measurements in the
sublayers, in the case of temperature very close to
the wall, confirm the internal consistency of the
results.

layers which are well fitted in the plane and curved

flow by +

u-%zny’+c (5)

4.10

'Assuming uniformity of shear stress and heat
flux in the logarithmic layer.




The work presented here is still continuing.
Hot-wire measurements of the four non-zero components
of Reynolds stress have been made (6) and in the near
future we inténd to complete our investigation of
. the velocity field by measuring triple correlations
i and energy spectra. The mean temperature and surface
. flux data presented here will be supplemented by
profile measurements of the cross-stream and longitu-
dinal components of the heat flux, the temperature
variance and the triple correlations.
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Turbulent Shear Flows behind Cylinder and Sphere
in Curved Channels

Hide S. Koyama
Department of Mechanical Engineering
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Tokyo, Japan

ABSTRACT

Experimental study has been carried out to
clarify the effects of centrifugal force on the two-
and three-dimensional wakes behind a circular
cylinder and a sphere installed in curved channels.
From the experimental results, large-scale longitu-
dinal vortices with axis in the streamwise direction
were found to exist in the wakes behind the circular
cylinder and the sphere on the convex and concave
walls. Although the width of the wake behind the
circular cylinder was the same size as that of the
sphere, one pair and two pairs of vortices were
observed in the wakes behind the circular cylinder
and the sphere, respectively. The width of the two-
dimensional wake behind the circular cylinder,
spanning the longest dimension of the cross-section
of the channel, was nearly independent of the radius
of the curved channel. However, the unstable region
was wider than the stable region in the two-
dimensional wake.

NOMENCLATURE

d = Diameter of circular cvlinder or sphere, mm
R Radius of curved channel, mm

R

e = Reynolds number, U;d/,,

Streamwise coordinate, measured along axis of
channel, mm

Freestream velocity at inlet of channel, m/s
Representative velocity, m/s

Mean velocity, m/s

Root-mean square value of fluctuating streamwise
velocity, m/s

Transverse coordinate, distance normal to wall,
mm

z = Spanwise coordinate, mm

v = Kinematic viscosity, m?/s

..,
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INTRODUCTION

The effects of body force(buoyancy force,
centrifugal force due to the curvature of the stream-
lines, Coriolis force, etc.) on the turbulence shear
flows are very interesting problems in physics,
engineering and the environmental sciences. The

apparent analogy between the stability effects of
buoyancy force in density stratified flow, centrifugal
force in curved flow and Coriolis force in rotating
flow was mentioned by Bradshaw[l]!. The author
investigated the effects of Coriolis force on the
turbulence structure of a rotating two-dimensional
turbulent boundary layer(2,3]. From the experimental
results, Taylor-Goertler type vortices were found to
exist inside the turbulent boundary layer on the high
pressure side wall. The vortex structure was broken
up at the higher rotation number (effects of Coriolis
force were stronger). The same phenomena were
observed by So and Mellor[4] inside the turbulent
boundary layer on a concave wall. The basic equations
governing the generation of the secondary vorticity
which arises when a non-uniform stream is turned were
derived by Squire and Winter[5), Hawthorne[6] and
Preston[7)]. The author mentioned in [3] that the
change in the mean vorticity and the fluctuating
vorticity along the streamwise direction is equivalent
to the "secondary flow effect” and the "stability
effect" of body force in turbulent shear flows. The
author also considered that the above-mentioned vortex
was broken because the destabilizing effect became
much larger than the secondary flow effect. The
mechanism of the breaking of the vortex, however, is
not yet understood completly.

The object of the present investigation is to
make clear the effects, especially the secondary flow
effect, of centrifugal force due to the curvature of
the streamlines on two- and three-dimensional
turbulent shear flows. Thus, quantitative experi-
ments were performed on wakes behind a circular
cylinder and a sphere installed at the inlet of
straight and curved channels.

EXPERIMENTAL APPARATUS AND MEASUREMENTS

Fig. 1. Experimental apparatus (All dimensions are
given in mm)

1 Numbers in brackets designate References at end of
paper




The experimental apparatus employed in the
present investigation is shown in Fig. 1. Air is
delivered to awind tunnel by a single-stage Roots
blower, having a capacity of 0.5 m>/s at adelivery
pressure of 100 kPa. The air flows through a
rectification chamber to the test channel via a 14.8
to 1 contraction chamber. The rectification chamber
is made up of several layers of honeycomb flow-
straighteners and screens. The contraction chamber
is followed by a 210 mm length straight channel (or
curved channel), which has a cross section of 280 mm
x 50 mm(the aspect ratio 5.6:1). The origin of the
coordinates is taken at the inlet of the test channel
with the s axis in the streamwise direction, the y
axis in the direction perpendicular to the wall, and
the z axis in the spanwise direction.

Measurements of the mean velocity and the longi-~
tudinal component of turbulence intensity were wade
using a constant temperature anemometer and an I-type
senser with a 5 um tungsten wire. Al]l measurements
were made at the freestream velocity of 10 m/s. The
boundary layer at the inlet of the test channel was
laminar and its thickness was about 2 mm. The free-
stream turbulence intensity was about 1.5 %.

A circular cylinder of diameter 2 mm, spanning
the longest dimension of the cross-section, was
installed as shown in Fig. 2-a to generate a two-
dimensional wake at the centre section of the
test channel. In this experiment, the Reynolds
number was about 1250. To generate two various
three-dimensional wakes on the walls, a circular
cylinder of diameter 4 mm and a sphere of diameter 4
mm were installed at the inlet of the test channels
as shown in Figs. 2-b and 2-c, respectively.

.21

b c
Fig. 2. Three inlet conditions at test channels(All
dimensions are given in mm)

EXPERIMENTAL RESULTS AND DISCUSSIONS

Two-dimensional wake behind cylinder

Measurements were performed at the exit of the
test channels, 208 mm downstream of the circular
cylinder of diameter 2 wm and length 280 mm. Fig. 3

shows the mean velocity and turbulence intensity
profiles between the side walls of the straight and
curved channels. The wakes behind the circular
cylinder at the centre section of the test channel
are two-dimensional. The boundary layer on the wall
of the straight channel is transitional. The boundary
layer on the concave walls of the curved channels(R =
200, 400 mm) are turbulent, whereas on the convex
wall(R = 400 mm), the boundary layer is laminar. It
is well known that the laminar-turbulent transition
is found to be suppressed on the convex wall, while
promoted on the concave wall by the effects of
centrifugal force due to the curvature of streamlines.
In the present results, it is considered that the
effect of the boundary layer development on the side
walls on the wake is not direct because there are
freestream regions between the boundary layers and
the wake. The width of the wake is nearly independent
of the radius of the curved channel. However, the
position of the peak velocity defect is shifted toward
the concave wall when decreasing the radius of the
curved channel. This means that the unstable region
is wider than the stable region of the two-dimensional
wake. The turbulence intensity in the unstable region
is higher than that of the stable region.
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Fig. 3. Mean velocity and turbulence intensity
profiles between side walls

Three-dimensiona] wakes behind cylinder and sphere

Wakes behind circular cylinder. Typical mean
velocity profiles in a wake behind a circular cylinder
are 1llustrated in Fig. 4. The basic equations
governing the generation of the secondary vorticity
vhich arises when a non-uniform stream is turned were
derived by Squire and Winter[5), Hawthorne[6] and
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Fig. 4. Secondary vorticities due to spanwise
gradient of mean velocity on curved surfaces

Preston[7]. The author mentioned in [3] that the
change in the mean vorticity and fluctuating
vorticity along the streamwise direction is equiva-
lent to the "secondary flow effect” and the
"stability effect" of body force in turbulent shear
flows. It is considered that the secondary vortici-
ties as illustrated in Fig. 4 arise due to the span-
wise gradient of the mean velocity on the curved sur-
faces. Therefore, the fluid in the wake behind the
circular cylinder installed between the convex and
concave walls of the curved channel sweeps from the
concave side to che convex side.

Fig. 5 shows the mean velocity and turbulence
intensity profiles at the centre section over 120 mm
spanwise width. It is observed that the decrease in
the mean velocity defect in the curved channel is
greater than that in the case of the straight channel.
The width of the wake decreases with the decrease in
radius of the curved channel. The turbulence
intensity profiles with two peaks, where the
secondary flows are strong, are also observed. These
experimental results demonstrate that the secondary
vorticity, which leads to the secondary flow, is a
function of the spanwise gradient of the mean
velocity and the curvature of the streamlines.

Fig. 6 shows the mean velocity and turbulence
intensity profiles at the fixed height(y = 2 mm) from
the convex walls over 120 mm spanwise width. The
boundary layer outside of the wake is laminar for the
case of the radius %00 mm. However, the laminar
boundary layer including separation regfon(dashed
lines) was observed outside of the wake for the case of
the radius 200 mm. The thickness of the separation
region was about 2 mm at the channel exit. The mean
velocity in the wake i{s faster than that outside of
the wake. The turbulence intensity at the edge of
the wake is higher than that in the central sectiom.
From the negative correlation between the mean
velocity and turbulence intensity profiles, one pair
of large-scale longitudinal vortices with axis in
the streamwise direction as 1llustrated in Fig. 6 is
considered to exist in the wake on the convex wall.

Fig. 7 shows the mean velocity and turbulence
intensity profiles at the fixed height(y = 2 mm) from
the concave walls over 120 mm spanwise width. The
boundary layers outside of the wake are turbulent.
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Fig. 5. Mean velocty and turbulence intensity
profi{les at centre section over 120 mm
spanwise width
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in this figure, the dashed lines are the mean
velocity and turbulence intensity profiles without
circular cylinder at the inlet of the straight
channel. There is no difference between the mean
velocity profiles in the wakes on the flat, convex
and concave walls. Negative correlation between the
mean Velocity and turbulence intensity profiles is
observed for the case of the radius 200 mm. From
these results, one pair of large-scale longitudinal
vortices with axis in the streamwise direction as
illustrated in Fig. 7 is considered to exist in the
wake on the concave walls. The vortices convey the
fluid of lower mean velocity and higher turbulence
near the wall toward the outer layer. The vortices
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Fig. 6. Mean velocity and turbulence intensity
profiles at y = 2 mm over 120 mm spanwise

on the concave wall are the same size as that on the

convex wall. However, the rotating directions of
the vortices on the concave wall are counter-wise as
compared with those on the convex wall.

Wakes behind sphere. Fig. 8 illustrate atypical
wavy distribution of the mean velocity behind a sphere
on a flat surface, and also the secondary vorticities
on curved surfaces due to the spanwise wavy variation
of the mean velocity.

Fig. 9 shows the mean velocity and turbulence
intensity profiles at y = 2 mm, 52 diameters down-
stream of the sphere over 120 mm spanwise width. The
periodic varilations of the mean velocity and turbu-
lence intensity are observed in this figure. The
negative correlations between the mean velocity and
turbulence intensity profiles are also observed. The
wavelength of the spanwise variation of the mean
velocity and turbulence intensity is nearly independ-
ent of the radius of the curvature of the convex wall.
From these results, two pairs of longitudinal vortices
as illustrated in Fig. 9 are considered to exist in
the wake on the convex wall. As mentioned above, the
system of the longitudinal vortices is considered to
be produced by the secondary flow effect of centrif-
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width on convex walls

profiles at y = 2 mm over 120 mm spanwise
width on concave walls




o ugal force due to the spanwise gradient of the mean i
- velocity on the curved surface.

Fig. 10 shows the mean velocity and turbulence
intensity profiles in the wakes behind the sphere on
the concave walls. The periodic variations of the
profiles are observed. The negative correlations
between the mean velocity and turbulence intensity
profiles are also observed. It is seen from the
results that two pairs of the longitudinal vortices
with axis in the streamwise directior are found to
exist in the wake as illustrated in Fig. 10. The
vortices are the same size as that on the convex £
wall. However, the rotating directions of the 3}
vortices on the concave wall are counter-wise as §
compared with those on the convex wall., Although the
width of the wake behind the circular cylinder is the g
same as that of the sphere, the longitudinal vortex
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in the wake behind the circular cylinder is about
twice the size of that of the sphere.

CONCLUSIONS

This experimental study has been carried out to
clarify the effects of centrifugal force on the wakes
behind a circular cylinder and a sphere in curved
channels. Conclusions based on the experimental
results on the mean velocity and turbulence intensity
profiles are summarized as follows:

(1) The width of the two-dimensional wake behind the
circular cylinder is nearly independent of the radius
of the curved channel., However, the position of the
peak of the velocity defect is shifted toward the
concave wall when decreasing the radius of the curved
channel.

(2) Large-scale longitudinal vortices with axis in
the streamwise direction are found to exist in the
wakes behind the circular cylinder and the sphere on
the convex and concave walls.

(3) Although the width of the wake behind the
circular cylinder is the same size as that of the
sphere, the longitudinal vortices in the wake behind
the circular cylinder are about twice the size of that
of the sphere. The rotating directions of the
vortices on the convex wall are counter-wise as
compared with those on the concave wall.
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ABSTRACT

Mean velocity and turbulence measurements are
described for a turbulent flow over a concave surface
with a strong streamwise curvature. Different kinds
of uniform shear f{low are provided at the inlet to the
curved section. Three-dimensional longitudinal vorti-
ces are found tc occur under all free-stream condi-
tions. In an unstable free stream, turbulent intensi-
ties in the toundary layer as well as in the free
stream are ernhanced. The urstable rree-stream condi-
tion affects the s%ructure of the bouniary layer and
of the free s*rean itself.

NOMENCLATURE
As Aspect ratio, h /B
B Channel heizht

Ce/2  Ckin friction coefficient

Channel width

n
k Surface curvature

R Radius of sur’ace curvature

Re Reynolds numter, UpwE V)

Ry Flux Richarissn number, 2 ?§¥.+ r%%;)
JV,A Mean velocities in %, y ,and = coordinates

Up Free=stream vo.ocity

Urw Free-stream vel>~ity extrapolated to the wall

X442 Curvilinear czoridinate

w,7.w  Fluctuating vel .~ities in x,y ,2nd zdirections

8 Boundary layer *-ickness

5 Thickness where varticity is 95% of free stream
[P Momentum thickness

Vv Kinematic viscosity

Ie] Density

4 Vorticity around z-axis, - 3_3' - lt_[liy
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INTRODUCTION

Much attention has been paid to the turtulent
boundary layer over a concave surface, sines strikine
changes in turbulence properties can occur, even fir a
slight surface curvature. Koffmann & Bradshaw (1, and
Hunt & Joubert [2] have provided data on slight
face curvatures. Data reported by Jo & Mellor |
shows that over a concave surface, Reynoliz shes
stress increases and three-dimensional voreices

Furthermore, because corncavity increases tu
lent mixing {41, e effects of a statle or u
free-stream vel ty fFradient on the fIow ctruc-ure
and heat transfer cver the concave surface have toeome
an important sutject of concern. Castrc & Bradshaw o)
have exrlored the effect of streamwise curvature on
the free shear layer, but nc data on unstatle effects
has been obtained with the exception of the stronely
unstable case described by Margolis [4]. Frevizuz ex-
periments done on the mixing process cf free shear
layer itself ignored the interaction wi-hL *he crntave
voundary layer, indicating that free-stream interzction
with a strongly unstable bouniary layer is nct urnier-
steod in detail.

The purpnse of *he presentraper it t

1

over a concave curface. These test flow o

correspond to a stable or unsvable Iree sirewn,
APPARATUC AND TECHNIGUES

Figure 1 shows the schematic arransement =7 tne
curved wall tunnel used. The tunnel ig an r~pen-return
suction type. A flow straightener with a honeycomd
section, three screens, and a two-dimenci
contraction ncizle are set at the inlet
test channel is a 300 mm straight section ani a
test section with a 200 mm radius of concave curvatyre
A tripping wire 0.6 rm In diameter is attu:inci a® the
nozzle throat to create a turbulent boundary Iayer in
the test section. While no attempt was maie ¢~ mini-
mize the secondary low created by end-wall Ii.w or
to separate acceleration or deceleraticn effe~*s, *he
use of a large aspect ratio kept seccndury flow el-
fects small. The Reynolds number based on channel
height is 1.0-1.1x10%,

2Na. T=""=y

ession, Tre
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Figure 1 Experimental apparatus :
ail dimensions in mms

Differernt kindr of uniform shear flow were pro-
ter*. chanrel inlet, with shear chanced by
r. diameter wire grids placed normal to
urieguzl intervals. Wire grid spacing
Mwen'z method [6]. The same grids
ccul 3 be used for experirents by reversing grid direc-
tion in the channel. Inle! conditions obtained in the
annel's free-s‘ream regicn are (i) shear free

rodured a uniform flow in the upstrean
~hannel, i.e., the "neutral case," (ii) pos-
hear flow, and (iii) nerative shear flow. Pos-
iear fiows produce a stable free stream in the
se. ior, while necative shear flows producing
tatle +ee strearm.

'fear, 2~ . ‘urbulent velocities were measured at

tion:- in the downstream direction. A hot-wire
prots was continuously traversed both spanwise and
norrzi to the wall. The hot-wire anemometer was a
linearized conctant temperature type. Wire output
sisnals near 8 wall were not modified to compensate
for extrz heat loss from the wire to the wall, since
no serijcus erreor was observed in the wall remote re-
gion, i.e., y>1.0 mr.

Feyncids stiress measurement was made to involve
rotation of the wire around two axes. The normal wire
ar>und tne z-axis was rotated to provide u?, V2, and
-Tv in & similar method {7]. The same wire was also
rctated around the y-axis to give u?, w2, and uw .
Accuracy appears to be lessened when rotating normal
and slanted wires are used [8], since slanted wire
data includes error resulting from the data process-
ins of normal wire.

Hot-wire signals through a low-pass filter and a
R meter were recorded on an X-Y plotter, then con-
verted manually to digital form. The resulting data
wvas reduced by & computer progran including tempera-
ture compe.sation and modification of angle character-
istics of the rotating wire. Figures 6 to 9 show the
effects of RMS signal scatter on reduced results.

The severest uncertainty for u? is 7 § and uncertain-
ty for v? amounts to 6 % near the wall in an unstable

free streanm

curved 2t

}
|

hﬂow’ cgrg?g'\tener wire grid | o o [ P ®
curved channel | O Neunl o 2 ] o -
30- D Slable O > o o o
& Unstable 5 @ % o =
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Figure 2 Mean velocity dis+tritusion

RECULTC AND DICCUSEION

Figure 2 shows profiles of streamwise mean velo-
ity normalized by Up » with the free strear velocity

Up given as,

Uo = ooy 4oy (qogy — (1)) G50,

where Up, and [ were determined bty a leac* sguare
method using velocity <a-a measured in the free-strear
rerion. Their vorticity intencities ¢ and free-

strear velocities extrapnolated tc the wall Uy, at
the first station, x = -1°%0 mm, are show. in Tatle 1
seo~

"Bulging" near the wall regior &t the straight sec
tion, in an unstatle case, is produced by the grid
arrangement, even though it disappears further down-
stream. In all cases, comparisons with a fizt or
convex wall boundary layer flow show a smaller veloci-
ty defect near the wall, especially in an unstatle

free stream, which is quite smal! in comparison.

In accord with previously obtained results for
strong curvature {9,10], the tendency toward & vortex-
free flow was obtained even near the concave wall
when a fully developed flow was given at a straight
section. Hunt [2] classified these flows intc two
categories depending on curvature, i.e., inertia-
doninated and stress-dominated. As Figure 3 indicates,

Table 1 Free Stream Condition st First Station

Flow Condition Neutral | Stable | Unstable
4 sec’! o] 63.8 -37.8
Upy m/sec 16.3 18.8 12.8
B L /Upy 0 0.3k 0.30
6 mm 7.5 5.4 6.2"

* 4§’ is used
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Figure 3 Mean vorticity profile
free-stream vorticity

average

vorticity in the free-stream region is apparently main-
tained in the downstream direction. The rate of vor-
ticity change toward zero in the free stream shows a
very slow response, while in the boundary layer or
for an inertia dominated flow the time constant is
shorter.

Figure 4 indicates distributions of momentum
thizkness, reduced by the usual defiuition,

1- -2y ay (2).

Although an exact momentum thickness should be defined
as

82 §
2 i 3
[Updy-juup-u)df (3),

0 [

the expression for &2 in Equation (3) becomes exces-
sively complicated when shear flow is employed. The

differense in 6, tetween Equations {2) and (3) was
estimated as less than 5 % when |k§| < 0.1 [11). Mo-
men%um thickness distribution at the first and second

stations in an uns*table flow is not shown in Fi-~ure b,

C  Neutrat
2 O Stable
| A Unstable )
ﬂ
3 - 3
~ 2
a
1 B8
- s °
] [
! (o] A
L o
0 1 | i 1 1 1
-200 [] 200 400 600 x -~ 800

Figure L Momentum thickness

: |
A o '
2
g 1l
(a]
O Neutral
O Stable
A Unstable
1 1 1 1
0 200 &0 600 x -~ 800

Figure 5 Skin friction coefficient

vecause the buldging profiles are produced there.
Data shows that 6, in a stable flow is thicker <han
in other cases and that it still develops even at -he
last station, x = 750 mm, though other cases teni to
decrease there.

Figure 5 shows distributions of skin friection
coefficient, Cf/2, determined from the law =¢ the
wall. Some deviation from the law of the wall wis
certain to occur, thus resulting in a similar <endency
[3] containing some doubts about accuaracy .

T T 1
|
— i
. < x=-150
006»—"~. ° 120 —
3 s ® = 250 j
g2+ 2 ° B 450 ﬂ
' . A ™0 |
“*““_4. Y %
D04 . m
- i
- "a - e 4
- . Unstabi»
002} 3{\ - A
o= ‘s 6.4; .Y
- 2 e T &
% ° =8 & 2@
o - - a —
ooy DT o TS 7
o :':,, - :
- 4 '-.__ Neutral -
- o w _A
O— . o - ar>mwez e - -
D
L ; u Stable .
o«
0 L A A_.D.Am-a O_a_0
0 1 yin PR
Figure € Turtulent normal stress profiles, :?
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Figures 6, 7, and 8 present the profiles of nor-
mal components of Reynolds stress, It N 2 , and vi.
Shear stress distribution, -uv, is also shown in Figure
9. All stresses are normalized by Upw. In figures of
unstable case 87, which denotes a thickness where vor-
ticity s 95 % of free stream, is used instead of & .
Reynolds stress, excluding the neutral case, shows some
finite values in the free-stream region at the straight
section because of the wire grid at the nozzle exit.
The boundary layer on the straight wall differs slighty
from Klebanoff's data [12], since the upstrear straight
section is not long enough to provide an equilibrium
flow.

Regariing turbulence structure within a boundary
layer, the striking feature of v° and -uv profiles is
that a maxinum is observed half way through the bound-
ary layer ir &l free-stream conditions. Similar maxi-
rz located at y/é=0.L were found in mild curvature
{1 ac well as sirong curvature [3], though their free
sirears were of the reutral case. Of these, a second
i near the boundary layer edge
cf mear velccity U in the vor-
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Regarding the turbulence profile in the free-stream
region, turbulent intensities in the neutral =nd stable
cases become zero or almost zero. In contrast, an un-
stable free stream is associated with marked production
of turbulence energy. The Reynolds stress trend ob-
tained can be shown to be consistent with the argument
that each component is enhanced by an extra term due
to curvature together with a mean strain rate based on
a thin shear layer assumption. This is easily demon-
strated by each production term in transport equations
for Reynolds stress given as,

3\. U —_, U
uv(l+ky) ( l+ky) -uv(L+ky)§—
for u? production (&),
= - — 3V
—uv!{-2kV; -vw(l+ky)a—
for v? production (5),
5 2 W _ AW oM
2 v \l+ky)az Ly (1+ky) Ve Y3y
for w? production (6),
b ey L T 3U kU
N I A
v ky ). 3y =+ l*ky)

Ty ) (- GUgT e duas 4705

for -uv production

Tne firzt term denotec the rroduction in a *wo-
imenzinal turved flow. _
Firsure 1D shows the production mechanism of u? . vz,
and -.v %5 ilia3trate the contribution of the above

WO

1]

terms te production of turbulence energy and shear
. The 30lid line inlicates positive contribution
lashed line negsative. A ratin of the extra
rate, -2kU, v~ *he mean strain rate, (l+ky)
Yy + #J, ic conziicrei a useful measure ienoting the

H ~ ¢ ~urvature on “urbulence striucture. This
ratic correspords to 2 flux Richardson number, R, A
nszitive -7 first intrsiuces the u? production by the
maan 3hroin rate, mnn v is produced by the extra
strain rate thraough -uv ,eneration. Finally, v2 goes
into -4v seneration, like a chain reaction. By this
~yclic gr>iuction mechanism, turbulence ernergy and the

shear strecs are increased, where an unstable condi-
tion iz aprlied, and vice vercu,

The effect of the free stream on the production
mrchanism within a boundary layer is not so straight-
S>rwari that *he mean strain rate in the boundary lay-
»r bec.mes dominant, having a higher order than that

-2 ,f‘-

- ~(leky)3

-2kU \\; -2

v

(b) Stable >0

(a) Unstable T<0

Figure 10 Cyclic procduction mechanism with

concave curvature ; k<9

in the free stream and extra strain rate. The free
stream may cause only an additional effect, yet remark-
able production, even for spanwise component ;2, is
observed within the boundary layer in an unstatis case.
No extra generation for w® could be expected witn <he
excertion of the contribution by pressure fluctuaztion,
if the mean strain rate were confined to a two-dimen-
sional mean flow field.

One reason complicating the turbulence strusture
is the influence of three-dimensional _ongitudinal
vortices first detected by Tani [13]). Their exir‘ence
was confirmed by a :zpanwise flow survey and res
in wavy profiles of the mean and fluctuation vei-cizy,
even in the wall remc*2 region in an unstable :ace.
The spanwise locatlcn selected for the experirent ~cr-
responds to a cen%ral rart between the trough =znd ~reat
of a vortex at chanr-i midsgpan.

When 2 mean flow - three-dim
tional rerm of turtuls
stresc generation
tions k) to (7).
rates due to the
a convergsent or il
plane of zymmetry “"est <y
tex. An additi-s or saln
follawed by ~wi' itk ¥ 37 ani
a mechanism of ﬁ.':‘f o .‘i‘ ra product
~ht bte Ce-r

LTings

meo"ﬂr,

-5 .
)
(o8
=
s

ztrate the ‘“v‘nw—i_mc zional 1
de<ail.

CONCLUS IOl

Measuremern*s made dver a concave curface with
different kinds of uniform shear flow at the injet
show marked effects on turtulence structure. In an
unstable free-stream condition, Reynolds stressec are
increased both in the boundary layer and free astrear,
even for s }:anvlse component w¢ ., The striking {eoa-
ture of v° and -uv profiles is that a maxima exists

at y/ &8 = 0.4 independent of free-stream conditions
A high level of turbulence intensity is assccriatel
with the growth of loncitudinal vertices.
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PREDICTION AND MEASUREMENT OF FLOW AND HEAT
TRANSFER IN MOTORED DIESEL ENGINE SWIRL CHAMBERS

M.M.M.ABOU-ELLAIL and M.M.ELKOTB
FACULTY OF ENGINEERING,CAIRO UNIVERSITY,CAIRO,EGYPT.

ABSTRACT

This paper is concerned with the predic-
tion and measurement of flow and heat trans-
fer in motored diesel engine swirl chambers.
Measurements are mainly carried out by a
temperature-compensated hot-wire anemometer
and a high speed camera. Predictions are bas-
ed on the solution of the finite~difference
form of the governing differential equations
for the transport of mass, momentum and ener-
gy by way of digital computers. 1In general,
the obtained agreement between predictions
and measurements is fairly good which con-
firms the accuracy of the described predic-
tion procedure.

NOMENCLATURE
A influence coefficient

Ap equal to IAc
Cu,Cl,Cz constant of the turbulence model

Cpm mean piston velocity

h total enthalpy

K turbulence kinetic energy

m8 mass fiow rates across cell boundaries

equals to (ov)g
equals to (pV)p
t+lt

pressure
pressure correction

tangential velocity

velocity vector at any point

radial position

coefficient of linearized source term
coefficient of linearized source term
source/sink term for variable ¢

time

radial velocity

cell volume

equal to (3p/93p)T

effective diffusivity coefficient for
variable ¢

dissipative rate of turbulent kinetic
energy

angular position

arbitrary dependent variable

laminar viscosity

Veff effective viscosity

s density

Ohsogr0 constants of turbulence model for h,
K [

le summation for neighbouring nodes of
typical grid node.

/8t o0ld values at timet
N/8t new values at time
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Subscripts

E,W,N,S East,West, North and South neigh-
bouring nodes
e,w,n,s midway nodes between each node.

INTRODUCTION

The availability of very large, high
speed digital computers has encourage efforts
to simulate the compression ignition engines.
Complete mathematical model for the calcula-
tion of the heat release in a swirl chamber
of a diesel engine is still not available.

The heat release in multifuel engines depends
to a great extent on the hydrodynamic mixing
and transport processes, the fuel atomization
and evaporation, the chemical reaction mecha-
nism and reaction rates, heat transfer and
environmental conditions, all of which vary
inside the swirl chamber. The-fuel mixing
process perior to autoignition is important

in diesel engines, in general, and swirl cham-
bers of diesel engine in particular. Moreover,
the mixing process controls combustion which
in turn controls the rate of pressure rise,
noise emission and pollutant formation in en-
gine cylinders (1,2,3). The study of pure phe-
nomena in subclasses helps in solving more
complex combustion phenomena resulting from
multifuel combustion.

Therefore, a mathematical prediction
model capable of predicting the air velocity
inside swirl combustion chambers is reguired
for the development of multifuel engines as
well as saving time and cost.

There have been several experimental in-
vestigations, as a consequence of the develop-
ment of swirl chambers; for the determinaticn
of the swirl chamber parameters. However, it
was found that the study of flow is the more
accurate method for determination of swirl
chamber parameters. Theoretical investiga-
tions have been therefore reported (4,5,6).
Most of these investigations are based on the
evaluation of the intensity of charge motion
which relies on emperical correlations. More-
over, they are based on the application of
evaluating parameters recommended from the
analysis of present swirl chambers. Such eva-
luating parameters have a quite wide ranage
that they cannot give sufficient accurate
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results. Recently, Elkotb (1) proposed a
new theoretical model based on the equality
of the moment of momentum resulting from the
ejection velocity to the swirl chamber and
the noment of momentum of the rotating air
inside the swirl chamber provided that the
air motion in the central zone is solid vor-
tex and that in periphery is free vortex.
This model can define the average velocity

to the gwirl chamber and the moment of momen-
tum of ghe rotating air inside the swirl cham-
ber bu# is not useful in the study of the in-
teraction between fuel and air. Over the
past decade a fairly considerable effort has
been expended on computational procedures
with the aid of mathematical models, for re-
ciprocating engines (§,9,10). These prediction
procedures are based mainly on the solution
of the finite difference form of the govern-
ing differential equations for the transport
of mass, momentum and energy.

Although these attempts have been made
to predict the properties of turbulent motion
by mathematical models, no explicit conside-
ration of the physical properties in swirl
chambers is taken.. Moreover, the shape of
the combustion chamber with its effect on
the air flow was not included.

The objective of this work is to deve-
lpp a complete mathematical model for the
prediction of the turbulent flow field in
swirl chambers. Experimental measurement of
the air flow velocity is planned to satisfy
careful comparison, over a wide range, with
the predicted values to obtain reliable in-
formation about the constants of the turbu-
lence model. Actually these constants de-
pend on local turbulence values. This pro-
posed prediction procedure is required to
investigate speedily and with reasonable de-
tail and accuracy the combustion of fuel with
various chemical properties as well as the
effect of variomws factors on the combustion
process needed for the development of multi-
fuel engines.

EXPERIMENTAL INVESTIGATION

A careful comparison over a wide range
of data can give, in addition to the mean
velocity field, reliable information about
the constants of the turbulence model. There-
fore an experimental setup has been built up
to facilitate measurements of the air velo-
city components inside the swirl chamber with
the highest possible accuracy. The experi-
mental swirl chamber has been built up in
one of the engine cylinders of a 2-cylinder,
4-stroke, water cooled medium speed diesel
engine. The other cylinder has been used
for motoring the engine to the required re-
gime. The engine is directly coupled with
hydraulic dynamometer for engine loading and
equipped with various instruments required
for measuring the main engine parameters.

The scope of this investigation in-
cludes the measuring of the instantaneous ve-
locity components and finding out the effect
of various constructional and working con-

5.2

ditions on the air flow inside swirl chambers.
For this reason the cylinder head is modified
and a swirl chamber is constructed and attach-
ed instead of the original chamber. A sche-

patic drawing of the experimental setup is
shown in Fig. (1).

A cylinderical combustion

Fig.l Scheme of experimental setup. (l-engine
assembly,2-swirl chamber,3-variable area port
4-injection pump,5-hot wire anemometer,6-ther-
mocouples,7-advance angle adjustmont, 8-T.D.C.
pickup, 9-tachometer,l0-dynamometer,ll-deg-
ree marker amplifier,l2-loop oscillograph,
13-balancing system).

chamber of 48.5 mm diameter,Fig.(2), satis-
fying a relative swirl chamber volume ratio

o B 4
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cylinder head

Fig.2 Scheme of the test combustion chamber.

of 0.507 is constructed with an optically
flat fused quartz window on one of its sides.
The swirl chamber is built up with compres-
sion ratio 17. Two obligue washers are fitt-
ed on either sides of the gquartz plate to
avoid stress concentration. The quartz lens
is fastened by a self locking screwed collar
facilitating easy firm and guick assembly.
The test swirl chamber is fitted with a cool-
ing jacket supplied with glysrine from an in-
dependent circulating system to control its
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surface temperature. Connecting ports with
various configurations are constructed to
supply air to the swirl chamber from the main
chamber. The chamber is designed such that
variation of the relative swirl volume ratio,
the connecting port area ratio () and the
connecting port inclination angle are possi-
ble. The intake and exhaust manifolds of

the test cylinder are separated from those

of the second motoring cylinder.

“*  The chamber is equipped with a tempera=-
ture compensated hot wire anemometer to
measure the air velocity components. The
probe of the hot wire its connected to an ul-
tra-voilet oscilograph through the compen-
sating bridge. It is equipped also with two
ferrous-constantan thermocouples for measur-
ing the surface temperature. The quartz
window is used to photograph the air motion
inside the swirl chamber with a high speed
camera. The gas pressure variations inside
the main and swirl combustion chambers to-
gether with the crankangle were picked by a
highly sensitive Piezo-electric transducers
and an external X-generator. The display of
the gas pressure is syncronised with the
disc displaying the signal of the top dead
centre. The data recorded during an engine
run include combustion chamber pressure, ve-
locity variation for two inclination angles
of the hot wire at each location, crank-angle,
top dead centre and two surface thermocoupless
Because of the cycle to cycle variations in
data recorded and hence in air velocity com-
ponents, it is required to examine a large
guantity of data to obtain a quite sufficient
reasonable results. Thus, a high speed mul-
ti channel data recording and processing sys-
tem is applied. The output from the hot wire
anemometer is magnified and recorded by a
magnetic taperecorder. A calibration signal
is recorded at the start of recording. There-~
after, the analog signal representing the
air velocity variation at two inclination
angles are played back at a lower speed to
the analog/digital converter and digitzied
at every crank angle for 50 cycles. The
output of the 50 cycles is then processed
and an average cycle of the velocity varia-
tions is determined and recorded on magnetic
tape in digital form for subsegquent process-
ing on a digital computer to determine the
mean velocity and the random velocity.

THE GOVERNING CONSERVETION EQUATIONS

The flow inside diese engine swirl
chambers is a transient turbulent flow. For
the case of motored engines, thermal radia-
tion may be neglected. The flow is, thus,
governed by the differential conservation
eguations of energy, mass and momentum. In
the present investigation, the swirl chamber
is cylindrical and the flow may thus be as-
sumed two-dimensional.

The equations govering the flow in a
cylindrical swirl chamber of a diesel engine
can be obtained by decomposing the velocity,
pressure, density and enthalpy into a mean
and a fluctuating value respectively(9,11).

“f‘J!!!E-”-F"-‘!'—H!H-.-.'qplggfJC?;V_~.'

The turbulent diffusion fluxes which ap-
pear in the governinc equations are modeled using Bous-
sj_neS%approach in terms of the mean flow gradients and
eddy diffusivities. These eddy diffusivities
are determined by solving additional differen-
tial conservation equations for the time-ave-
raged kinetic energy of turbulence k and its
dissipation rate ¢ . This kind of model was
originally developed for steady turbulent
flows (12) and has been modified , to introduce
compressibility effects by analogy with the
laminar stress tensor, by Ramos (3).

Within the above framework, the govern-
ing set of equations may be compactly represen-
ted in terms of a single general equation for
an arbitrary dependent variable ¢ ;

3 3 ~ ‘
-gg(oqch %aga(rpvq))* % T loue) - -i— T (r! -?—::7)

_la“aﬁ.=
;5 3@(.¢35) S; (1)

where ¢ stands for radial velocity v, tangen-
tial velocity u, totai enthalpy h,k ande¢ ; t
is time; ¢ is density;T.: and S; are respec-
tively the effective diffusivity coefficients
and source/sink terms for variable ¢ . Egua-
tion (1) represents also the continuity egua-
tion by replacing ¢ by 1. The definition of

r and S¢ are given in table (1). 1Ir table
(%) Heff is the effective viscosity which is
given gy H
_ . 2
begg = W+ Cf K%/¢e (2}
where y 1is the laminar viscosity, C1:Coy

C r
Ohs Ok and v, are constants of the Eurbulence
mode]l and aré given in ref.(_9,11) .u is the
velocity vector at any point in the swirl
chamber.

' Fodxu L vi@,,3v,2, 1@y 20 _u 2
G=¥effL2(E oy + F) 2(5?) 11F %} T T T 4
2 ~ -
BOUNDARY CONDITIONS 3 91V(4) Mggedivid)wK)

The imposition of the boundary conditions
for diesel engine swirl chambers is not as
straight-forward as .t may seem. At chamber
walls : the velocity components all obey the
no slip conditions; the walls are insulated
and hence the wall heat flux is taken equal
to zero in this stage; the turbulence fluctua-
tions and their dissipation rate are also zero.
Wall functions are used for grid nodes adja-
cent to the chamber walls to avoid using many
grid lines in the boundary sub-layer(_l3). At
the inlet plane, i.e. the tangential port
which connects the swirl chamber with the main
chamber, the inlet velocity, density and tem-
perature vary with crank angle (or time). They
are specified by solving an ordinary differen-
tial equation for the flow from the main cham-
ber, or vise versa, through the tangential
port, in the manner explained in ref. (14).

THE FINITE-DIFFERENCE EQUATIONS
For the purpose of deriving the finite-

difference eguations, the swirl chamber 1is
overlaid with a grid of nodes, formed by the
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Table (l1): Definitions ofI‘¢ and S

¢
1 v 1 ‘U _u uo_ 2 u,_
Vo efs - -8z gf(’veff x tF §3[H e::\f? Do £ 2(ugge/r ) (ve &)
% 35 [rege-atv@ 4o . K)
£ 1 1 lav_u 1 u
U Merd A R ST R B Y g LR
) 1l 3v du av _ 2 3 -
.(; =5 *_3;) ¥ ooff —= 0¥ " 3% sa(yeff.div(u) +p K)
1 o] o}
gl L )
vegs/ Oh TR v v . Small terms
K egg/% G - pe
€
e ueft/o, K (C1G-C;48)

intersections of meridunal lines and circles
(Fig.3), at which the scalar variables h,K,¢

Fig.3 : Computational grid.

and P are stored; while the velocities are
located mid-way between the pressures which
drive them. Equation (1) is formally integ-
rated over imaginary control volume or 'cell’
surrounding each variable and for a time in~
crement ¢6t. The finite-difference approxima-~
tion to equation (l)is written as :

(o] n _ n o .0
(Ap+Mp sp)op I Agte * Mp ¢p + 8, (3)
where; A, = Ic Aq, I denotes summation over
the four neighbouring nodes of a typical grid
node P,c denotes neighbouring node of a grid
node P, 'o' and 'n' denote 'old' and ‘'new'
values at times t and t+ét respectively, MB
equals(gV)B/6t, V ts cell volume, Sp and S,
are coefficients of a linearized source term
obtained by integrating S,. A, are influence
coefficients which give the combined effect
of diffusion and convection.

The continuity equation is integrated
to give n o 5
MP-MP +&im, = o (4)
where ﬁc are mass flow rates across cell boun-
daries. Equation (3) can be sol-ed for u,v,h,
k and ein space and time domains if the pres-

5.4

sure field is known at each time step. The so-
lution of Equation (3) may be obtained econo-
mically if coefficients A.Sy and 5, are com-
puted at '013' time t,lea%in§ ¢B and ¢2 to be
calculated in the 'new' time t+&t. This solu-
tion approach parallels that of a parabolic
flow which is justifiable because equation (1)
is indeed parabolic in time(15). The set of
difference equations(3)are iinked through pres-
sure differences terms.

OUTLINE OF THE SOLUTION PROCEDURE

At any instant of time t the¢® fields of
the variables are known, predictions for a
time increment 6t are then obtained by solv-
ing the difference equations for the ¢" fields
Ly a marching-integration algorithm. The lat-
ter then becomes the ¢© for the prediction of
the next time step; in this way the solution
is marched forward in time until the desired
period has been covered. The next section is
devoted for the solution of the difference
equations.

SOLUTION OF DIFFERENCE EQUATIONS

The energy equation is first solved,us-
ing the old fields of h,u,r,p and (3P/3t), to
yield the new enthalpy field (h™) and hence
the new temperature field (TR).

The next step is to obtain*a preliminary
set of new velocity components v Dand u N for
an estimated new pressure field P N by solving
their difference equations; P " is actually
estimated as equal to the 'old' piessure PC.

The computed velocities v'P and u*! will
not, in general,satisfy the local continuity
equation (4) but will produce a net mass sou-
rce at each grid node. The pressure, density
and velocities are then corrected so as to re-
Auce the mass source at each grid node to
zero in the following manner ;

p" = PN 4 po
n

of = "M 4 pr

PR




n *n
= P - [
vp vp + Dv( P PN) (7}
n *n
up = up + Dy (P[')-PE':) (8)

where the * indicates guessed or preliminary
value, p' is pressure correction, gis defin-
ed as (ap/aP)T, D, and D, are evaluated from
the relevant momentum eguation, e.g.D,=

aull/a (P ~Pp), subscripts N and E denote neig-
hb ring nodes, as shown in Fig.3.

Equations (6-8) are substituted into the
continuity equation (4) to give ;

(Ap=Sp) pé = La.pg+sy, (9)
*
where; A, = L A, s,=- (M;“-Mg + I m.) is the

local continuity imbalance based on u'“,v*"

and p P; S, and Ao are coefficients which are
defined as follows ;

s = -Vpo/ét -

p (10)

% *p

L (8, Mo /o )
*y . * ¥ *n x

Ag=0e 2gDue 0.5 Ble/Pg iAFRy 3P, *0. S, /oy i

*n e*, % *n (X ] *n
Ay=0, &y D =0.58 m/0 iAg=Pg gD, 40,58 /0y

where, subscripts E,W,N,S and e,w,n,s aréln
neighbouring nodes and corresponding nodes
mid-way between each node and a typical nodes
p respectively (Fig,3). In proving eguation
(9) terms involve P 2 were ignored because P'
itself should be small. It should be noted
that the pressure correction equation does
not include P' of 'old' time because there

is no quastion of correcting 'old' velocities
and pressure fields.

Equation (9) is solved to yeild the P’
field which is required to correct P, p, v
and u fields. The new K and ¢ are then com-
puted from their difference equation (3).

OTHER FEATURES

The difference eguations (3) & (9} are
modified at cells adjoining the swirl cham-
ber boundaries to incorporate the conditions
imposed there. 1In aggition to P',a global
pressure correction P’ is computed based on
overall continuity balance and is added to
the existing pressure field before solving
the pressure correction equation (ll). The
method of solution used to solve equations
(3) & (9) is a Gauss-elimination line-by-line
double-sweep technique. While equation (3)
converges very fast, equation (9) needs more
sweeps and some times more than one itera-
tion to reduce the residual mass errors to
an acceptable level. The modified form of
the pressure correction equation, developed
here, gives a fast convergence which reduces
the total computational time. The time in-
crement 8t used in the present work is
2.22x10"%4 s which is equivelent to 2° crank
angle.

PREDICTION AND MEASUREMENT RESULTS

The computational grid inside the swirl
chamber consists of 10 angular and 16 radial
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locations.

Finer grid could be employed at
the expense of an increase in computational
time. The computations are started at zsro

time, defined as the time at which the com-
pression stroke has started. The inlet values
to the swirl chamber are taken from the pre-
vious computational method, reported in (15).
Computations are carried out for a diesel en-
gine with a swirl chamber of 48.5 mm diamet-
er, tangential port of diameter 15 mm and in-
clined an angle 45° to the cylinder axis, en-
gime speed 1500 RPM,and compression ratio 17.
The computations are carried out at 2° crank
angle intervals. The resulting velocity field

computed at various times is shown in Figs.4
of the

and 5 and the corresponding contours

~+100 m/sec 180°

Fig.4 Velocity vector plot during compression
stroke.

—~>100 m/sec 218’
Fig.5 Velocity vector during expansion stroke.

=100 m/sec =194’
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turbulence intensity distributions (V5K/3/c
where C is the mean piston velocity (cpm'
m/8) , Bfe shown in Fig.6.

m)

w=58 ' 162

Fig.6 Turbulence intensity contours
during compression stroke.

In time sequence, one can observe the
features of the flow evolution. At crank an-
gle 18°, it can be seen that the air jet ex-
ists at the tangential port with a small ve-
locity which is principally directed from
both sides of the port to the opposite wall
surface. The flow in the swirl chamber dur-
ing the initial part of the compression
stroke is almost pure radial flow. After
some time,for example at 58° crank angle,the
pressure gradient built up at the opposite
surface have already initiated rotational
flow in the bulk of the swirl chamber. Be-
fore the initiation of the complete rotation-
al flow a vortex is noticed at the right-hand
side of the jet. Before the end of the com-
pression stroke the radial pressure gradient
have strengthened to the point of inducing
strong flow recirculation which was observed
from the high speed photographing of the flow
field as shown in Fig.7. The strong recircu-
lating flow inside the swirl chamber produces

Fig.7 Photography
of the flow
field at
T.D.C.

a large tangential velocity component along
the chamber surface and small tangential ve-
locity component at the centre, as shown in
Fig.8. It is noticed also that the tangential
velocity component increases during compres-
Sion strgke reaching its maximum value at
about 15° crank BTDC, as shown in Fig.9. At
the begining of the expansion stroke the re-
circulating flow is unable to reverse its
direction to flow through the tangential port
in spite of the absence of a jet flow into
the swirl chamber, as shown in Fig.5. Before
the complete reverse of the flow a vortex is
noticed at the opposite side to the port. It
should be mentioned that by this time, the

Tangential veloch

flow velocities are low.
g
[}
2 *
A ol A
023 05 078 1.

Dimensiesless radial distance (r/Rg)

Fig. 8 Predicted and measured tangentiai ve-
locity in plane 3 at various radii at
20° BTDC.

o0 measured
— predicted
N21000 r.p.m
00 u‘17

-

Tangential velocity m/s
o
o

| - |

0 60 120 180
Crank angie degree

Fig.9 predicted & measured tangential veloc-
city during compression in plane 3 at
10 mm. from inside surface.

The turbulence contours during compres-
sion stroke are also shown in Fig 6 in which
it is noticed that the turbulence levels at
the begining of the compression stroke are
low. By increase of time the inflow to the
swirl chamber increases and separates, at the
begining, near to the tangential port to form
eddies at either sides of the jet. Turbulence
intensity generation is particularly strong
reaching maximum value of 1.33 near to the
entry port. Substantial decrease of the tur-
bulence intensity has been obtained by BTDC
where a complete recirculating flow is es-
tablished. This decrease of turbulence inten-
sity presumably being a consequence of the
gradual reduction of the inflow rate by 12°
crank angle as the piston approaches the end
of the compression stroke.

Figure (10) shows the variation of the
turbulence intensity along the radius (plane
3). Maximum turbulence intensity is noticed
near chamber walls while the minimum inten-
sity occurs at a radius of about 1.0 mm.
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Fig.lO Radial turbulence intensity distribu~
tion in plane 3 20° BTDC.
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Fig.ll Turbulence intensity during compres-
sion at 10 mm from inside surface.

Turbulence intensity variation at 10 mm from
chamber walls with crank angle is depected

in Fig.ll. Turbulence intensity is very low
at the begining of compression. It then in-
creases rapidly during the compression stroke
reaching a maximum value at the end of com-
pression where the turbulence intensity
starts to decrease again during the expan-
sion stroke,.

Comparisons of measurements and predic~
tions of tangential velocity in the swirl
chamber with the probe located at 10 mm from
the wall surface at plane inclined 45° to the
port axis. The solid line represents the pre-
dicted values. A quite sufficient agreement
is noticed as shown in Fig.9, however dis-
crepancy is noticed during the mid of the
compression stroke. This discrepancy, may
be attributed to the error resulting from the
determination of the inclination of the ve-
locity vector by the hot wire anerometer.

5.7

The measured values are clearly sensitive to
this inclination angle which can be defined
accurately after the circulating flow has been
established.

It is planed to investigate the effect
of various geometry parameters of the swirl
chamber and working conditions on the flow
field to isclate some of the important feat-
ures of flow and to validate the computation-
al procedure. The present work lays the fram-
ework for a more detailed study including
spray mixing and combustion which might well
prove helpful to the engine designer.

CONCLUDING REMARKS

A measuring technique and a prediction
procedure for flow and heat transfer in mo-
tored diesel engines swirl chambers are pre-
sented. The prediction procedure is based on
solving numerically the differential conser-
vation equations for a transient turbulent
flow with heat transfer. The obtained agree-
ment between predictions and measurements is
fairly good which confirms the accuracy of
the prediction procedure. However, the pre-
diction procedure is currently being tested
for variables more relevant to turbulence mo-
deling such as the turbulcnce intensity and
the turbulent shear stresses.

ACKNOWLEDGEMENT

The authors are appreciative of the fi-
nancial support for this work which was pro-
vided by the European Research Office, U.S.
Army through Grant No.DA~ERQ-79-G-0017.

REFERENCES

1. vVoiculesou,I.A.and Borman,G.L."An Experi-
mental Study of Diesel Engine Cylinder-
Averaged No, Histories"SAE Paper No.
780228, 1978.

2. Pischinger,F.F, and Klocker,J.J."Single
Cylindfr Study of Stratified Charge Pro-~
cess with Prechamber Injection" SAE Paper
No.741162, 1974.

3. Boni,A.A.et al "Computer Simulation of
Combustion Processes in 3 Stratified
Charge Engine"ACTA Astronautica, vol.3.
No.3-4, 1976.

4. Fedotenko.F.S."The Effect of Swirl Cham-
ber Volume on the Work of 4-Stroke Self~
Ingnition Engines" NAMU, Vol.69, 1953,

5. Bottger "Ursacher der Klapffrein Diesel~
verbrennung”, Kraft , No.8, 1958.

6. Khofax,M.C."Investigation of Mixture Crea-
tion in Engines with Devided Swirl Combus-
tion Chambe:" Prouceeding of the Science
Technology Conference,Academy of Science
USSR, Moscow 1960.

7. Elkotb, M.M. et al "Theoretical Investi-
gation of Velocity Air Pattern Inside the

Swirl Chamber"Bull,of the Faculty of Engng,

Cairo University, Paper 17, 1976.
8. Gosman,A.D. et al "Axisymmetric Flow in a

Motored Reciprocating Engine" Proc.of Inst.

of Mech Engineers, Vol. 192, No.ll,pp.213-
223, I§§§.

9. Ramos,J.I. et al “"Numerical Prediction of

i, GASE R it i

]
{
)
1
]




&=

Rk | oy

10.

11.

12.

13.

14.

15.

Axisymmetric Laminar and Turbulent Flows
in Motored,Reciprocating Internal Combus-
tion Engines” SAE Paper No.790356,1979.
Drang, M.S. et al "The Prediction of

Heat and Mass Transfer During Compression
and Expansion in I.C. Engines, SAE Paper
No.760761, 1976.

Gosman,A.D. and Watkins,W. "A Computer
Pre?ction Method for Turbulent Plow and

Hea§ Transfer in Piston/Cylinder Assemb-

lie#T Paper Presented at Symposium on

Turbulent Shear Flows, Pennsylvania,
April 1577.

Launder,B.E. and Spalding,D.B. "Mathema-
tical Models of Turbulence” Academic
Press, 1972.

Gosman, A.D. et al "Assessment of a Pre-
diction Method for in-cylinder Processes
in Reciprocating Engines” Proc.General
Motors Research Symposium on Combustion
Modelling in Reciprocating Engines,1978.
Elkotb,M.M. et al "Spray Behaviour In-
side A Swirl Chamber of A Diesel Engine"
Proc. of the lst Conference of Mech.Power
Engng, Feb.1977. Cairo.

Patanker,S.V. and Spalding,D.B. "A Cal-
culation Procedure for Heat, Mass and
Momentum Transfer in Three-Dimensional
Parabolic Flows" Int.J. Heat Mass Trans-

fer, vol.15 pp. 1787-1806, 1972.




COMPARISON OF CALCULATED AND MEASURED VELOCITIES
- FOR A TURBULENT SWIRLING FLOW INSIDE A CYLINDRICAL ENCLOSURE

T. Morel, N. N, Mansour, V. Saxena, and R. B. Rask

General Motors Research Laboratories

Warren, Ml, 48090

ABSTRACT

This paper presents a comparison of computations with
experimental data generated specifically for the purpose of
computer code validation. The particular test flow presented
here was chosen because of its relevance to flows inside the
cylinders of internal combustion engines. The velocity and
turbulence measurements were made with a laser Doppler
anemometer. The computer code used in the calculations is a
time-averaged Navier-Stokes code for time-dependent three-
dimensional compressible flows. The turbulence model used is
& standard version of the k-¢ model; however, new near-wall
submodels for velocity and turbulence dissipation rate are
employed.

Calculations of the flow inside a cylindrical enclosure
containing a steady-state swirling flow reproduced the major
overall features of the flow, including the flow pattern,
recirculating flow regions, decay of the tangential momentum
flux, and turbulent kinetic energy levels. There were some
disagreements in the details of the velocity profiles but,
overall, the profiles were in good agreement with experiment.
It is worth emphasizing that the present flow has a strong
swirling component. It has been reported in other invesiiga-
tions that the standard k-¢ model does not produce good
results for swirling flows, e.g., swirling jets, Nevertheless, for
this particular swirling flow, the results obtained were quite
satisfactory.

ref

e
T

NOMENCLATURE

constant in the viscosity model (=0.09)
constants in the c-equation (=1.44, 1.92)
strain rate tensor

metric scale factor

static enthalpy

turbulence kinetic energy

dissipation length scale

tangential momentum flux (see egn. 1}
reference-run tangential momentum flux
coordinate in the normal direction

pressure
radial coordinate

radius of the cylinder

Reynolds number

temperature

ambient temperature

mean velocity components; radial, tangential,
and axial

rms velocity fluctuations;radial, tangential, and
axial

area-averaged mean velocity

axial coordinate

dissipation rate of k

effective enthalpy diffusion coefficient
viscosity

effective viscosity (=u+u )

turbulent viscosity

density

LRCWR Prandt]l numbers for h, k and ¢ (0.9, 1.0, 1.3)
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INTRODUCTION

Swirl is often used in systems of practical interest to
provide a certain degree of control over the flow field. In
furnace applications, swirl is used to stabilize the flame and
enhance the mixing between the reacting gases. In internal
combustion engines, swirl is used in different types of engines
for different purposes: Diesel engines use swirl to enhance the
mixing during injection; direct injection stratified charge
engines uge swirl to control the flow pattern inside the
cylinder o the piston reaches top dead center, and to enhance
the mixinlfy in homogeneous-charge engines swirl is used to
create a More repeatable flow field to reduce cycle to cycle
variability, and to inerease the turbulence inside the cylinder.
Consequently, the capability of predicting confined turbulent
swirling flows is of practical importance.

We are developing a code for predicting the detailed
flow field inside cylinders. As part of this work we have
compared calculations to detailed measurements of a steady-
state (no piston motion) swirling flow in an engine-cylinder-
like geometry.

DESCRIPTION OF THE EXPERIMENT

As this paper is primarily concerned with the computa-~
tion of the first two authors, only a brief description of the
experimental results of the third and fourth authors will be
provided. the velocity measurements were made with a
single-component, counter-based, laser Doppler anemometer
operated in the forward scatter mode. A digital tape drive
was used to store the data, and an off-line computer system to
determine mean velocity and rms veloeity fluctuations for all
three components. Frequency shift, beam-intersection angle,
and counter validation were adjusted on a point-by-point basis
to minimize measurement errors.

The geometry of the experiment is described in Figure 1.
The flow enters at one end of the cylinder through an inlet
ring with 16 equally spaced holes which are inclined at 17° to
the local tangential direction. The measured effective inlet

OUARTZ wInDaW

I r ¥
g% z 1L.Nen

QUARTZ WINDOW

Fig. 1 Schematic of the Experimental Apparatus

hoie area is 18.35 mm> per hole, or 293.6 mm? in total. An
effort was made to insure & uniform distribution of the inlet
flow over all 16 holes. The flow exits at the opposite end of
the cylinder through a narrow circumferential slot., The
result. g flow pattern was closely axisymmetric (this was
checked by making all measurements on full traverses across
the diameter of the cylinder).

The volume flow rate through the experimental set up

was fixed at 0.0154 mals, and at that flow rate the average
axial velocity through the cylinder was W = 1,783 m/s. This
velocity was chosen in the present report as the most appro-
priate normalizing velocity for presentation of data . Rey-
nolds number based on this velocity and the diameter of the
cylinder was Re = 12,180,

The average velocity through the inlet holes (through
their effective area) was Oyhol e 52.45 m/s, or 29.4 timeso‘:ge

reference velocity. The inlet jet Reynolds number based on
the effective hole diameter (4.83 mm) was 16,400. The
average radial velocity out through the exit slot was D . =
26.28 m/s, or 14.7 times the reference velocity. exit
Based on geometrical considerations alone, the flow in
the vicinity of the inlet holes would be expected to have a
radial component of U hole SiP 17°= 0.292 D hole’ @ tangential

component of U hole 95 17°= 0,956 O nole’ &Nd approximately

zero axial component. However, since the inlet flow was
through discrete holes, the actual radial and tengential com-
ponents downstream of the holes would be expected to drop
rapidly to a lower level as the individual inlet jets merge
together in the immediate vicinity of the inlet holes.

SET UP OF THE NUMERICAL SIMULATION

The computer code used in these calculations is a
derivative of the code MINT described by Gibeling, et al. in
Reference [1]. It is a time-averaged Navier-Stokes code for
time-dependent three-dimensional compressible flows. By
making the velocities dimensionless with the average axial
velocity W, the distances with the radius (R) of the apparatus,
and the remaining variables with reference values subscripted
by D, the modeled equations of motion are given as®:

Continuity
3p__1 3,13
LR P ™

where hij = 0 for i#j, and for cylindrical polar coordinates
hu=h33=l,h22=randJ=h h h33'

11722
Momentum
P
1 3 D 1l 3 P
(ou):-- (._ou u)+ G, ~e——
at i J 5xj ia DD‘- hm 5xu

u
LT EE TO RN LA e,

- 2 - - - - "
where Gl =p u2/r, G2 = -p uluz/r. G3 =0, Re= DD WR/u D’

and ¢ is the strain rate tensor. In the above equation u_ is
defined as €

ue= U+ UT ' )
where u is the laminar viscosity, and TTe = Cu pk—e, k is the

turbulence kinetic energy and ¢ its dissipation rate.

*All variables are averaged varisbles but the symbols des-
eribing the averaging are dropped. (xl.xz,xs) correspond to

the cylindrical-polar coordinate system (r,8,z) and ("1’“2'"3)
correspond to the velocities (U,V,W),
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Energy
P u
3 1 3 J D 3P i 3 P
(oh):- (-—ou h)+ ___( & —
n J 5xi h, @ °php ot hio 5xu'

where ¢ = 2 g:¢ - 2/3 eﬁk and Ty = u /o,. 0, is assumed to be

constant (=0.9).

- For this particular case where the divergence of the flow
field is very small, the equation for the turbulence kinetic
energy and its dissipate rate are modeled as follows.

Turbulence Kinetic Energy

2 __13 J 113 J
LR & Pl i e S & T

ia a8

v
xol-)
Q
;1
w |x
fad

¥
T
* Rele&g-oe

Dissipation Rate of Turbulence Kinetic Energy

] 19 ,Jd 1 1 2 J  YTae
(pg):- ('—OU C)* P_.- — )
at J Sxi he © ReJ 5xi hiohag ¢ ExB

u
€E T, .. _ €
*Crikme 288G

The equations of motinn are differenced using a standard
(non-staggered) mesh, central differencing in space, and back-
ward (fully implicit) differencing in time. The differenced
equations are then linearized in time as described by Briley
and McDonald (2], then solved using the Douglas-Gunn [3]
technique to generate an Alternate Direction Implicit (ADI)
scheme,

The physical flow situation was represented in the calcu-
lations as a cylindrical domain, whose length to radius ratio
was 2.059. The outflow boundary was represented as a
eircumferential opening in the cylinder wall flush with the end
plane. The size of the opening (slot height) was the same as in
the experiment. The calculations were found to be insensitive
to outlet slot height, except for the absolute level of the
static pressure which depended on the pressure drop across the
opening.

The inflow boundary was more difficult to set. To take
advantage of the axisymmetry of the flow in the bulk of the
domain, the individual inlet holes were not modeled; instead a
circumnferential slot was used. The individual jets in the
experimental apparatus are expected to merge in a short
distance downstream from the holes, and the diserepancy
between the modeled and the real configuration is expected to
be localized and not too serious. The slot height was made the
same as the inlet hole height to match the location of the inlet
flow separation from the eylinder side wall. Sensitivity runs
with different slot heights showed that the results in the bulk
of the cylinder were insensitive to inlet slot height. Only near
the inlet opening was there an effect, the size of the local
separation from the cylinder wall changing with the slot
height.

Boundary Conditions on Open Boundaries

Inlet. The inlet radial velocity was prescribed to be
uniform over the siot height except for thin boundary layers on
top and bottom, with a 'nagnitude such that the total flow rate
was the same as in the experiment. The inlet radial velocity
was 8.39 m/s, or 55% of the radial component of the average
inlet-hole velocity, hole’

The tangential velocity was also prescribed to be uni-
form with thin boundary layers; its magnitude was set at a
level deduced from the experimental data taken in a plane
passing through the inlet holes (z = 1.99 R) and extrapolated to
the cylinder wall. This magnitude was 30 m/s, or only 60% of
the tangential component of Uhole‘ This immediate drop of

the inlet tangential velocity by 40%, indicates that the jet
merging and intermixing take place very close to the wall, the
flov_v becoming axisymmetric almost immediately. This is a
positive sign that the experiment's deviations from axisym-
metry, due to discrete jets are restricted to & very small
region close to the jet inlets. It is also reassuring that the
indicated drop in the tangential velocity is about the same as
the drop in the radial velocity.

Other boundary conditions on the inlet opening were:

axial velocity set to zero, sz/an2 =0, T=T_. Turbulence
intensity of the inlet flow was fixed at

@ w320« V2o wHl2 2014, ie., a fairly elevated
level consistent with the highly turbulent flow conditions
upstream of the linlet holes and with the high turbulence
intensity generated by the incoming jets. The dissipation
length scale was prescribed to be on the order of 0.1 times the
slot height, a typical value for turbulent flows. Experi-
mentation with different inlet velocity profiles, and different
levels of both the turbulence intensity and scale, showed only
a very small sensitivity of the results to these parameters.

Exit. At the exit opening, where the flow is oriented
radially outward, the simple extrapolative boundary condition
3/3n=0 was used on U, V, W, h; k and €. A prescribed
uniform static pressure (=ambient) over the slot-height was
used as the boundary condition on ti,  ~ntinuity equation.

Near-Wall Submodels at Solid-Walls

At solid-wall boundaries, near-wall submodels were
employed to bridge the gap between the wall and the {irst grid
point away from the wall. The same set of submodels was
used for all solid walls.

Velocit%. The norinal velocity component was set to zero
at the wall. The velocity components parallel to the wall were
handled by a8 combination of two submodels. One suhnodel
was a wall funcetion based on the law of the wall, and the other
one was a "limited slip" submodel developed specifically for
regions near flow separation and reattachment. The combina-
tion was weighted towards the law-of-the-wall submodel when
the flow near the wall was boundary-layer like (in which case
the two submodels are similar). When the law-of-the-wall
submode] predicted implausible (negative, or too large) wall
slip velocities, oceurring typically near separation or reattach-
ment, the combination was weighted towards the limited-slip
submodel. In this way advantage was taken of the law of the
wall wherever its use was appropriate, while avoiding unphyvsi-
cal wall slip velocities elsewhere.

k and €. 3k/3n=0 was used for the k equation. The
dissipation equation at the first point away from the wall
(point 2) was replaced by

_~3/4,.3/2
cz-Cu k2

/9.2

where the dissipation length scale 9.2 was obtained by inter-

polation, assuming that the dissipation length scale varies
linearly between its value on the wall (£, = 0) and the value at

the second grid point away from the wall (9.3 = CSM kg/"’/c.!).
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h_and p. Fixed wall temperature T = T. was used for the

energy equation. The boundary condition for the continuity
equation was 3 P/3n, calculated from the momentum equation
for the normal velocity component evaluated at the wall.

RESULTS

The results of the calculations are compared to the
experimental data in Figures 2-4, which show radial profiles of
the velogjty and rms velocity fluctuation at different z planes,
where z coordinate is measured from the exit end-wall
The axial velocity profile (Figure 2) is seen to be in good
agreement with the experiment. The salient features of the
axial velocity profile are reproduced: a dominant peak near
the wall, reverse flow with a magnitude of about 20% of the
maximum veloeity near the wall, a small second positive peak,
and practically zero axial velocity at the center. The only
notable disagreement concerns the location of the reverse
flow peak and the second positive peak; both are predicted to
be farther away from the wall than the experimental ones.
The same findings apply to comparison with data at other
z-planes. :

The tangential velocity profiles are shown in Figures 3
and 4. The calculations are seen to predict the location of the
peak tangential velocity very well, as well as the axial decay
of the velocity maximum caused by friction on the eylinder
side wall. On the other hand the calculations over predict the
swirl at the center of the flow, indicating a solid-body
rotation, and with angular velocity approximately constant
along the cylinder axis.

The experimental data show a paraboli¢ variation of
swirl velocity in the central region, with zero swirl near the
axis. It is not obvious what produces the zero swirl near the
axis in the experiment. It appears to us that the only
mechanism that could be responsible would be friction on the
two end walls, opposing the diffusion towards the central
region of the tangential momentum of the spinning fluid near
the sidewall. However, in that case one would expect that the

~1.5 4 . -— e W= e o - _'— - £ 0.8
‘?. | Y oo
r'y .-...L’.’..‘ l
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-3 1 4 3 1 0
-1 -5 0. 5 1
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Fig. 2 Axial Veloeity at 2/R = 0.80
~—Predicted Mean Velocity
- - - Predicted Turbulence Intensity /Zk/3W.
Symbols are the Experimental Data.
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Pig. 3 Tangential Velocity at £/R = 1.77
= Predicted Mean Velocity
- - - Predicted Turbulence Intensity /Zk/3 W.
Symbols are the Experimental Data.

center-core swirl would be lower in z-planes close to the end
walls than in planes away from these walls, but this is not the
case: the experimental profiles at z/R = 1,77 and at z/R = 0.31
are practically identical between the centerline and r/R = 0.5.

20

-1.

Fig. 4 Tangential Velocity at 2/R = 0.31
—— Predicted Mean Veloeity,
= - = Predicted Turbulence Intensity /IK7I®,
Symbols are the Experimental Data.
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Several attempts were made to diagnose the source of
the discrepancy between the parabolic variation in tangential
velocity observed experimentally and the linear variation
obtained with our calculation. One of the attempts was to
modify the k-c¢ model as recommended by Rodi {4], where
solid-body rotation is the neutrally stable profile. Also, the
recommended modification of Launder, et.al., (5] was tried
where the free vortex is the neutrally stable profile. Neither
modification changed the center core solid-body swirl results.
Since these modifications were so markedly different, and
neither offered an improved agreement with experiment, both
were abandoned. Finally, several runs were carried out where
the 'skin friction et the top and bottom walls was changed.
Again, these results did not change the shape of the tangential
velocity profiles. Thus, at the present time we regard the
difference as unexplained.

The radial velocities were the smallest of the three
velocity components. Because of this they were subject to the
largest relative error experimentally (and likely also computa-
tionally). Comparisons with experimental data at different
axial locations showed a similarity in shape and peaks in
approximately the same locations, but the magnitudes were
often substantially different, However, the absolute dif-
ferences between the predictions and the data were not much
larger than for the other two components.

The experimental data also include ineasurements of the
three components of rms velocity fluctuation--u', v' and w'.
Since the calculations predict only the turbulence kinetic
energy k, and not the individual fluctuation components, direct
comparison can be made only at planes where all three
components were measured and k could be determined.
Figure 5 shows the comparison {(made at z/R = 1.28) of the

1.5 = Y 3
1.2
.9 a -
TR EA
61 <
3 B
-1 -.5 0. R} 1.
r/R
Pig. 5 Profile of Turbulence Intensity
at z/R = 1.28

~— Prediction, =— Experiment

turbulence intensity /Zk/3/W, representing the intensity of
velocity fluctuations averaged over the three coordinate
directions. The agreement is good in both the shape of the
profile and the magnitude of the intensity. The profiles show
two peaks, the one right at the wall being due to large shear
near the wall, the other to the shear generated on the
centerline side of the maxima of the tangential and axial
velocity profiles. The only area of disagreement is near the
centerline, where the flow is essentially shear-free and so the
level of k is set by convection and diffusion from other parts
of the flow. This disagreement is fairly typical for slowly
moving, or shear-free, portions of any flow field, and 1is
apparently one of the weaknesses of the k-¢ model. Those
portions of the flow where shear is high, and which usually are
the important ones, are handled quite well by the k-¢ model.
These conclusions appear to hold for other simulations we have
made for a variety of different flowfields.

-1.

r/R

Fig. 6 Contours of Turtulence Intensity,
Uniformly Spaced Between /Zk/3/W = 0 and §

Inspection of the experimental profiles of u', v', and w'
showed that their magn'tudes are not too different from each
other, and so it made sense to insert into Figures 2-4 the
profiles of predicted /Zk/3/W for comparison with the data.
These provide some indication of the capability of the turbu-
lence model to predict the intensity of turbulence.

The contours of turbulence intensity, characterized bHv
/Zk73/W in Figure 6, show that the flow inside the chamber has
a typical intensity of 0.5-1 times the average axial velocity.
The exceptions are the regions around the flow inlet where
additional turbulence is generated due to large shear, and at
the exit where its level grows rapidly due to higher local
velocity levels. The length scale of turbulence (Figure ?) has
fairly simple onion-like contours with a maximum of 0.14 R, a
value not too different from that found in pipe flows and
sudden expansions.

-o-

r/R
Fig. 7 Contours of Dissipation Length Scale
Uniformly Spaced Between ': ‘R =0.0 and 0.13

Effect of Inlet Tangential omentum Flux

One of the important advantages a calculation scheme
has over an experiment is that, once it is set up, parametric
studies are much easier to perform than thev would he
experimentally. Since the predictions that have heen reported
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here compared well enough with experiment to give us confi- SUMMARY
dence in the results, it was very tempting to make a para-
metric calculation. It was of interest to know how the flow 1.  Calculations using the k-¢ turbulence model were
would have looked if the experimental apparatus had been found to reproduce the major features of a swirling flow inside
constructed somewhat differently. The particular parameter a cylindrical engine-like geometry. In particular, the calcula-
chosen for variation was the inlet flow angle, in effect the tions predict well the flow pattern, presence of recirculating
inlet flux of tangential momentum. flow regions, decay of tangential momentum flux due to wall
Calculations were made for five different values of the friction, and turbulence kinetic energy levels.
inlet tangential momentum flux: 2.0, 1.0, 0.5, 0.2, 0.1 and 2. The details of the velocity profiles exhibit some
0.0 times the original value, keeping the flow rate constant. disagreement. The tangential velocity profile is predicted to
Figure 8 fhows the streamline patterns for half the cylinder have solid-body rotation in the vicinity of the centerline, while
(the oth@® half can be deduced from axisymmetry) for the the experiment shows less ro. “;on in that region. Another
different momentum fluxes. These results show. that reducing difference is in the axial velocity profiles, whose local ax-
the inlet tangential velocity component leads to progressively trema are predicted to lie closer to the centerline than the
milder curvature of the inlet flow as it changes direction from experimental ones,
a radial to an axial orientation. This change in curvature must 3. A perametric study was run in which the inlet
be consistent with the radial pressure gradient set up by the tangentisl velocity into the cylinder was varied over a wide
swirling velocity component, which weakens rapidly as the range, from two times the experimental value down to zero.
swirl velocity decreases. Concurrently, the size of the separa- The results show a strong dependency of the major flow
tion region grows rapidly, to encompass a large portion of the features on this parameter. This demonstrates an attractive
cylinder volume for zero tangential velocity. The streamlines feature of numerical simulations: they are very useful for
near the cylinder wall, which were practically parallel over parametric studies around given, experimentally validated,
most of the cylinder length in the original case, are progres~ baseline configurations.
sively less and less parallel. In consequence, the radial
velocity profiles grow substantially in magnitude, and both the
axial and tangential veloeity profile begin to differ to a much
greater degree from plane to plane. The tendency for the REFERENCES
main flow is to move away from the cylinder wall toward the
centerline. 1 Gibeling, H. J., McDonald, H., and Briley, W. R.,
One striking feature of the flow is the presence of "Develppment of a Threg-Dimensional Combustor Flow
recirculating regions in the center of the cylinder. As may be Analysis, Vol.I:  Theoretical Studies,” AFAPL Technical
seen in Figure 8, increasing the tangential velocity component Report AFAPL-TR-75-59, July 1975. ]
increases the number of these regions, taking the shape of .2 Briley, W. R., and McDonald, H., "Solution of the
alternating fingers protruding from the end walls. There is Multidimensional C°""P“95§lble Navier-Stokes Equations by a
one recirculating region for M/M_ ;= 0.1 and 0.2, two for ge;;;a(lwl?n;?hclt Method,” J. Comp. Phys., Vol. 24, No, 4,
M/M_ ¢ = 0.5 and three for M/M o = 1.0 and 2.0. The change- 3 Douglas, J., and Gunn, J. E., "A General Formula-
over from one pattern to another with one more recirculating tion of Alternating Direction Methods," Numerische Math.,
region is not likely to be abrupt; it is probably a gradual Vol. 6, 1964, p. 428, '
evolution. This may be inferred from the sequence of 4 Rodi, W., "Influence of Buoyancy and Rotation on
Figures 8(c), (b) and (a), where the development of the third EQquations for the Turbulent Length Scale,” 2nd Sy npesium on
recirculation region may be observed, starting from a small Turbulent Shear Flows, July 1979, Imperial College, London,
bulge on the first recirculation region in Figure 8(c). Simi- PP. 10.37-10.42. o
larly, & bulge is seen to develop on the second recirculation 5  Launder, B. E., Priddin, C. H., and Sharma, B. 1.
bubble in Figure 8(a), undoubtedly a precursor of a fourth "The Caleulation of Turbulent Boundary Laygrs on .Spinm'ng
recirculating region which would emerge at yet higher values 8nd Curved Surfaces," Trans. ASME J. Fluid Engineering,
of V”Mref‘ March 1977, pp. 231-239.
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FEATURES OF TURBULENT PIPE FLOWS IN DEVELOPMENT AND DECAY

E.M. Laws, E~H. Lim, J.L. Livesey
Department of Aeronautical and Mechanical Engineering
University of Salford
Salford M5 4WT
England

ABSTRACT

Highly distorted time mean velocity profiles in
turbulent pipe flow, given sufficient downstream
development length, revert to profiles more typical of
established pipe flows.

A detailed study of the decay process for a wide
variety of initial conditions has been conducted. The
results obtained from this investigation reveal some
insight into the mechanism of profile decay and
distinguish interesting features associated with the
decay process.

In this paper some of this data is presented and
a description of the decay of an arbitrary initial
velocity profile is suggested.

NOMENCLATURE
D Pipe diameter
K Turbulent kinetic energy =

12Ty, (View'd)

(r,8, z) Polar co-ordinates, 2/36 = O

R Pipe radius

u, v Axial and radial time mean
velocity components

u, v Non-dimensional time mean

velocities U/U, V/U

Fluctuating velocity components
u'v Turbulent shear stress

u Friction velocity
y

Distance measured from pipe wall
n,z Non-dimensional co-ordinates r/R, z/R

A(z), u(z) Profile decay functions
Subscripts

0 Initial profile

© Final, fully developed profile
INTRODUCTION

Few previous investigations have deliberately set
out to study the behaviour of highly non-uniform
decaying flows. Many examples of such flows can be
found in previously reported work. However in most
cases the decay process has been secondary to_the main
objective (for example see Moon and Rudinge{(l),
Deshpande and Giddens , Hussain and Clark 3)).

The decay of a given velocity profile is likely
to be most strongly influenced by the initial velocity
profile shape and its degree of non-uniformity. Other
factors will have some effect in particular the
turbulence structure. The turbulence structure will
be a result of the combination and interaction of the
turbulence present upstream of the profile generator

and the turbulence introduced by the method of profile
generation (e.g. gauze, baffle plate, grid of rods
etc) or the preceding fluid system. Additionally
during the decay process a new turbulence structure is
established resulting largely from the presence and
decay of the high shears in the non-uniform flows and
the developing wall boundary layer.

About 10-20 pipe diameters of development is
sufficient to achieve an apparent reversion to a pipe-
type time mean profile (note however that variations
of the other flow quantities are still marked) though
this profile will be far removed from the classical
fully-developed profile.

In practice the fully-developed profile may never
be achieved but will be closely approached after about
100 diameters of development length.

The attainment of fully developed flow starting
from the highly distorted i let condition has been
considered by the auchors( in which interest was
focussed on the axial profile changes which occur
during the decay.

This paper also considers the decay process but
focuses interest on the radial profile changes which
occur.,

EXPERIMENTAL PROGRAMME

All the experimental work was carried out in an
0.103m diameter smooth pipe preceded by a well design-
~d 16:1 area ratio contraction. The undisturbed pipe
inlet profile was practically uniform with a thin
inlet boundary layer (6*/D = 0.02) with a centre line
t.rbulence level (Yu"4/U) of about 0.05%. The test
Reynolds number based on mean velocity and duct
diameter was 2.5 x 105,

All the non-uniform profiles were generated by
gauze screens placed close to the contraction outlet.
A wide variety of velocity profiles were studied with
differing non-uniformity and turbulence structure.

EXPERIMENTAL RESULTS

Some of the results obtained from this investigation
are presented here.

Figure 1 shows the axial profiles of non-dimension-
al velocity u for three different types of profile
(marked cases 1, 2 and 3) over a development range
extending up to z/D = 76.5. The key to this figure
and all subsequent figures follows figure 1.

The three different profiles were selected as
being widely different in both profile type (and hence
shape) and degree of non-uniformity. Case 1
corresponds to developing pipe flow,

Figures 2, 3 and 4 illustrate the corresponding
plots of radial velocity v, turbulent kinetic energy
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K/U? and turbulent shear stress u'v'/u,z. The axial

variation of these quantities has already been
illustrated in reference 4. It has been necessary to
limit the data included with the paper, more inform-
ation on the development is available,

The wide difference between the magnitudes and
form of the various quantities for case 1 and the
corresponding values for the non-uniform flows cases 2
and 3 is very evident particularly for the development
range up to z/D = 10. This is clearly illustrated by
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Figure 2 Radial Time Mean Velocity Distribution, v/C

the turbule-t
increase -
an order o.

values for case
In view of the large and striking variations in
both axial and radial directions of the various
turbulence quantities it is surprising that the time
mean flows exhibit such orderly behaviour.

The most striking common feature which was
clearly evident from the experimental programme and
which figure 1 (cases 2 and 3) illustrate is the
occurrence of common intersection points in at least
one radial location in each flow.

At this intersection point the axial change in
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The data of the preseat investigation and other

data quoted in the literature of which references 1-3
provide some examples would suggest that these inter-

Cd L section points are a feature of many flows,

Taking figure 1, case 2 as one example, for 0.5 ¢
z/D 5 8 at T/R = 0.87 and 0.5 the_axial velocity
rémains constant at values of 0.8U and 1.25U. Thus
the development takes the form of sketch (a). Beyond
2/D = 8 a different type of flow development is found
and only one intersection point occurs at r/R = 0,65
with a velocity of 1.05U. Again the flow pivots about
this point, see sketch (b).

gt
ol

INTERSECTION POINTS

Many examples of common intersection points can 1
be found in published literature, (references 1-3
provide some examples). In the majority of cases
however they are not noted as a feature of the studied
flows,

: Historically Preston(3) and Preston and Norbury (6)
o established that for a pipe-type profile the non-
rfi dimensional velocity u measured at about y/R = ! gave
+5 a fixed value of 1.05. This fact they used to develop
Iy the { radius flow meter which was designed as a simple
¢ method of obtaining the mean velocity in pipe flows.
L o .
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Figure 3 Turbulent Kinetic Energy Distribution, K/v2
time mean velocity is zero. Thus, on a crude basis,
these points act as 'pivots' in the flow with the
remainder of the flow either decaying or developing
L - about them.

Figure 4 Turbulent Shear Stress Distributions u'v'/uf
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To demonstrate the existence of intersection
points in a definitive way is not immediately obvious.
Any valid explanation must reflect the fact that the
number and position of these points is dependent on
the initial profile and allow for the fact that the
number and position of the points can change during
the profile development.

Studying the profile changes occurring during
the decay process the changes in profile can, on a
crude phenomenological basis, be seen to contain two
main elements:

a) Thejdecay of the initial non-uniform profile
ac anied by

b) Grovth of a typical pipe flow profile and
inevitable interactions.

Therefore, considering an initial profile developing

over the range O £ z £ zo (where at z. the profile

would have reached the fully developed conditionm) it

should be possible to describe the development in the

form:

du, = X(z)Auo*u(z)A(ub)z
where
Au = u -~ 1

This will be recognised as a defect type formulation
and u, is the initial profile and up is the typical
pipe profile existing in the absence of the initial
flow non-uniformity.

To satisfy the wall boundary condition it is
necessary that A(z) + u(z) = 1 so that:

Bu, = A(z)Bu, + (l“l(z))A(ub)z (1)

The initial and final conditions will be satisfied by
MO} =1, x(zp) = 0 and 2'(2x) = O (implying zero
radial velocity).

In the early development stage the decay will be
dominated by the first term in the above expression
i.e. the damping of the initial profile since (1-)(2))
will be small and the contribution from the term up
significant only near the wall.

Thus for low values of z/D if a point is to
exist for which S8 = 0 it will occur where uy = 1.
Therefore, in the“initial development stage the number
and position of the intersection points will be
governed by the initial profile and the number of
times and locations at which it takes its mean value,

Beyond the initial development stage the second
term will become significant (at least of the same
order as the first) and the location and possibly the
number of the points will therefore change.

Referring to figure 1, case 1 which shows the
flow development for undisturbed pipe flows it can be
seen that beyond z/D = 9 the axial changes which occur
between 0.5 € n £ 1 are of small magnitude, though
more significant changes are still evident for 0 ¢ n ¢
0.5. Beyond z/D = 34.5 (the location of the maximum
overshoot position) though profile changes are still
obvious these changes are of small magnitude so that
the second term will approximate to (1-)(z))au, .

Thus the development would then be approximated
by

u T A2)u, ¢ (1-2(2))us 2)

When this stage in the flow development is reached
(and for many profiles this could be as early as z/D =
9) the intersection points in both number and position
will coincide with the points for which U, " up. At

this stage the locus of all intersection points will
be the fully developed profile.

This to some extent, provides an explanation for
the change in both position and number of the inter—
section points within the overall profile develipment.
Initially the position of such points is dictated by
the condition u;, = 1 and subsequently by up = ue.
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Figure 5 Locus of Intersection Points (z/D < 10)
Full line is 'fully developed' profile.
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Figure 6 Locus of Intersection Points (z/D :z 10)

Figures 5 and 6 show the locus of intersection points
obtained from the data for the development range up to
2/D = 10 and beyond z/D = 10 respectively. The good
agreement obtained between the fully developed profile
and the data presented with Figure 6 is obvious.

An identical relationship to equation 2 can be
deduced directly from the continuity equation if it is
assumed that the radial velocity can be expressed in
separable form.

The continuity equation in non-dimensional form
gives

= (w s () =0
8o that
¢ 2
u(n) = u () ~ (f)a—n () dg/n &)

If é% (nv) can be expressed as a separable
°

function n and ; so that
g% (nv) = F(n) G'(z) , say, then
equation 3 will imply that

uln) = U (n) = F(n) (6(£)~6(0)}/n
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at § = g, where u(n) = uy,(n)

ue(n) = u (n) = F(n) (G(=) - 6(0)}/n

so that
u(n)-u_(n)

IOENO) =1-

- &S50
)-G(0)
thus u(n) = A(Du (n) + (1=2(¢))ua(n) (4)

This is simply equation 2 written in different non-
dimensional form and it would thus imply that common
intérsection points will occur and that the locus of
such points would be the fully developed profile.
Since the basis of the development of the
expression is that in effect v can be expressed in
separable form it is necessary to consider what
restrictions will apply to the applicability of (4).
Since from equation (4)

n
v == 2" (@) ([nlu () -ue(n))dn) /n (s)

-]

then v = 0 at n =0 and ' and v = O for all n at { =
{w. However, if v = 0 at some intermediate value of
n and g, ny, Gy, Say, then for 5 to remain valid
either v must be zero for all n at [y or v must be
zero at ny for all g.

Unless one of these two conditions is satisfied
the expression in 4 would no longer be valid over the
whole development range.

Referring to figure 2 which shows the plots of
radial velocity for the three cases we can see that
at many points over the development range the
condition v = 0 occurs. In some cases one of the
above conditions is satisfied but in many cases
neither applies. Thus it is likely that the whole
profile development range can be split into sections
in each of which the decay could be expressed by a
modified form of 4.

From figure 2 taking case 3 as an example, the
initial developmen” range extends up to z/D = 4, a
second range up to 2/D = 8 and the final range from
z/D = 10. Studying the corresponding time mean
profiles in figure 1 the slight shift of intersection
point at z/D = 4 is clear. Because the profile does
not change significantly between z/D = 8 and 10 the
location of the intersection point beyond z/D = 4 lies
close to the intersection with the fully developed
profile.

DISCUSSION

The assumption of a separable solution has
obvious limitations and cannot be used to describe the
behaviour of all flows. The best specific empirical
profiie descriptions (e.g. following Prandtl, Karman,
Clauser, Coles) contain both a separable and a non-
separable formulation (e.g. law of the wall, law of
the wake).

The more general empirical functional description
given here, though not universal, enables the
occurrence or absence of common intersection points to
be berter understood,

The existence of common intersection points is
demonstrated as being directly relatable to specific
conditions on the occurrence of zero local radial time
mean velocities.

The formulation is compatible with the
oscillatory axial profile development noted by the
authors in reference 4.

CONCLUSIONS

An empirical description of the decay of an
arbitrary initial profile is suggested. This
description can imply the existence of common
intersection points in the profile development. At
some stage within the profile development the locus of
these points must be the fully developed profile.

The analysis, though empirically based, can be of
direct application in the areas of profile simulation
and characterisation. Though no attempt is wade to
involve the turbulence structure the data available is
of sufficient detail and quality to be of use as test
cases for turbulence modelling.
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ABSTRACT

A solution procedure has been developed and
applied to the prediction of the flow properties
downstream of coaxial jets issuing into a confining
duct with an expansion ratio of 2.8l. Three turbu-~
lence models comprising a mean flow closure (two-
equation model) and two Reynolds-stress models were
used and the results compared with measured results
obtained for two velocity ratios of 1 and 3. The
main features of the flow fields are correctly pre-~
dicted by the three models with the Reynolds-stress
models providing better accuracy near and inside
the recirculation zone. Discrepancies between
measured and calculated flow properties exist, par-
ticularly in regions of more than one major compo-
nent of the velocity-gradient tensor and near the
axis of symmetry. The reasons for the discrepancies
and the consequent value of the calculation methods
are discussed.

INTRODUCTION

Recirculating turbulent flows downstream of
coaxjial jets, with a sudden expansion, are of rele-
vance to many engineering applications and, in par-
ticular, to furnaces and combustion systems. The
turbulent mixing which occurs in the vicinity of
the shear layers between the two jets and between
the outer jet and the reverse flow is the main fea-
ture of the present flow. Previous calculations of
similar flows are referred to in table (1) and
make use of two-equation turbulence models which
imply the local isotropy and a generalised Boussi-

nesq effective viscosity concept. 1In practice, all
real flows show some degree of anisotropy and the tur-
bulent stress is usually less directly connected with
the mean velocity field than is required by the notion
of a turbulent viscosity. As a result, the present
investigation includes solutions of transport equa-
tions for the Reynolds stresses, and allows compari-
son with results obtained with the two-equation model.
A similar comparison, for bluff body flows, was inclu-
ded in the work of Pope and Whitelaw (1976) and the
results appear to have been influenced by numerical
effects. As a consequence, the numerical aspects of
the present work are considered in some detail.

The calculations are compared with the measure-
ments of Habib (1980) which include values of mean
velocity and normal stresses for two different velo-
city ratios and at high Reynolds number. These res-
ults were obtained by laser-Doppler anemometry and
the accuracy of the results has been extensively dis-
cussed. The flow conditions at exit from the coaxial
jet were known to correspond to those of fully devel-
oped pipe and annulus flow.

The following section states the differential
equations which have been solved in finite-difference
form. The solution procedure is described in the
third section which deals with boundary conditions
and comments on the numerical accuracy and economy.
The results of the calculations are then presented and
the paper ends with a summary of the more impcrtant
conclusions.

Differential equations

The time averaged torms of the continuity and
momentum equations may be written in the form
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and have been solved in their two-dimensional, axi-~
symmetric form. The Reynolds stresses were repre-
sented by the tiiree models represented by the
equations indicated below.
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In Model 2, Coq =1 and C = 0 so that there is no
account taken of the mean strain which is represented,
in Model 3, with C¢ = O and C0 =1. These formu-
lations are in accordance with tfhe work of Launder,
Reece and Rodi (1975). The rate of dissipation is
again represented by equation 6 with

3x (] ax
J

€
replaced by C -aa—(!:- Y 3 )

Calculation Procedures

The equations of the previous section were sol-
ved to yield three different solutions of the flow
in the confined double coaxial jet. Measured "relo-
cities and normal stresses provided the correspon-
ding boundary condition at the inlet to the model
furnace and the dissipation rate was determined from

TABLE 1
CALCULATIONS OF RECIRCULATING JET
FLOWS BY THE K v ¢ MODEL

Flow Flow proper-
Author configuration ties compared|
with experiments
Gosman et al Axisymmetric U and X
(1974) expansions
Khalil et al Confined flow of an U, K and W
(1975) annular jet and sudden
expansion
Pope and Near-wake flow u, uv and \.\2
wWhitelaw(1976)
Pope (1976) Flow in a diffuser -
Hutchinson Axisymmetric expansion U

et al(1977)

Moss et al Backward-facing step U ané K
(1979)

Durst and Separated flow of a

Rastogi (1979) square obstacle in a U and K

channel flow

Gosman et al Sudden expansion flows| U, W and K

(1979) and others
Hyde and Sykes | Enclosure with diver- | U and W
(1979 gent quarl angle
Cebeci et al Separated boundary 1§
(1979) layer flows
Habib and Confined double coax- U, K, u2
rh.lt.elaw (1979)] ial jets
3/2
E= C LS 8
u |4

where £ = 0,03 R. In the case of five-equation
turbulence models, the shear stress was also avail-
able since the flow was known to be fully developed.
All axial gradients (3/3x) were presumed zero in the
exit plane of the confining tube, i.e. at x/De = 4.8
( is the enclosure diameter}; this corresponds to
developed boundary-layer flow at the exit section
which is in reasonable accord with the measurement.
A symmetry axis was specified with v= uv= 0O and
39/3y of all other quantities equal to zero at y = O.
Zero velocities were specified on all solid surfaces.

Partly to economize computer time requirements,
logarithmic wall functions were used to link the
near-wall grid lines to wall boundaries, thus:-

+
U u ¢y 1/4 [1/2 .
v = R P where y;' C xp yp/\

Y Y 6y v

where subscript, p, refers to the near-wall node.

x and E; are the wall law constants and take the
values 0.419 and 9.8 respectively. The value of the
kinetic energy of turbulence at point p, XK_, was
calculated from the transport equation of Py with the
flux of energy to the solid wall set to zero. The
corresponding value of the dissipation of X, ¢,
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was prescribed by:-
1/2 3/
= K

cp (cu )

2
/x yp

and the integral of ¢ from the wall to y , which is
required for the kinetic energy or the "Reynolds -
stress equations given by:-

Yp

f e dy =
o0

cl/2 . 3/21 +
©UTry) . b () y3)

The values of constants used in the models are shown
in Table 2, The constants of Model 1 are identical
to those of Launder et al (1972) and have been used
for the prediction of recirculating flows, see for
example Khalil et al (1975). The coefficients of
Models < and 3 are in accord with Launder et al
(1975), and have previously been applied to axisym-
metric flow cases by Naot and Launder (1975) and to
recirculating flow behind bluff body by Pope and
whitelaw (1976).

TABLE 2
CONSTANTS OF EQUATIONS

Model N 2 3
Constant
c 0.09 - -
11}
Ok 1.00 - -
o, 1.22 - -
<, - 0.25 0.25
c - 0.15 0.15
€
¢ - 2.50 1.50
1
c - 0.40 0.40
2
c, 1.44 1.45 1.45
]
¢ 1.92 1.92 1.92

~

In the iteration procedure, the initial values
were chosen to minimize the instability in the first
number of iterations, for example, specification of
the mean velocity satisfied continuity throughout
the solution domain. 1In the case of the Reynolds-
stress models, the initial values were taken from
the results of solutions based on the K-e¢ model, as
indicated on Fig. 1.

Convergence was assessed at the end of each
iteration with a convergence factor, taken to be
0.1%, which equals the residual source of each
finite difference equation normalised by the fixed
flux of the relevant extensive property fed into the
solution domain. Under-relaxation was used to im-
prove convergence. It is clear from figure 1 that
the number of iterations and, consequently, the
computation time required by the Reynolds-stress
models is larger than that of the X ~ ¢ model to
achieve the game convergence. The figure indicates
also that the rate of decay is much larger in the
case of the solution of Model 1 which is due
to the lesser number of equations interconnected in
the model.

With the small convergence factor noted above,
the errors due to the degree of convergence are neg-
ligible. The effect of the number and location of
grid nodes is more important and, when the Peclet
number is large and the flow is inclined to its mesh,
donor-cell differencing is used with consequent nume-
rical diffusion. The effects are important where
the mean flow component is not aligned with the grid
direction and the problem has been examined, for
example, by Wolfshtein (1969), Gosman et al (1969)
and Raithby (1976). The present number of nodes and
their distribution were selected after experiments
with fewer nodes and different distributions had indi-
cated that the present arrangement led to results
which are reasonably free from numerical errors.
Thus, an increase in the number of grid nodes from
396 to 432 led to differences in calculated depen-
dent variables which did not exceed 3% and the trend
in values was monotonic for a number of nodes greater
than 256. Grid-dependent tests made with (18 x 14)
and (30 x 22) nodes and (24 x 18) grid used for sub-
sequent results, are shown in Figs. 2 and 3 and were
obtained with the two-equation model. The calcula-
ted values are of the mean axial velocity and the
kinetic energy of turbulence along the centre-line
and at the radial profile of x/D_= 0.616 and suggest
that the numerical accuracy is reasonable even with
a 18 x 14 grid. Since the numerical diffusion is
likely to be greatest in the same locations where the
turbulence control is greatest, it is nearl, impos-
sible to provide a more definitive statement.

The finite-difference equations were solved
iteratively by a TEACH Fortran program on a CDC 6600
digital computer. The calculationtime to conver-
gence is shown on Table 3 for each model; the
increase in time in the Reynolds stress models, 2 and
3, is due to the solution of eight dependent variables
rather than for five. The storage requirements by
the two-equation model was 0.73 of that required by
the Reynolds-stress models.

TABLE 3
COMPUTING TIME TO ACHIEVE CONVERGENCE

Model Number of Total Time per Iteration
Iterations Time per grid node
sec. sec.
1 277 198 0.0017
2 299 373 0.0028
3 333 422 0.0029
Results

The calculations are presented for two velocity
ratio (the ratio of the annulus maximum velocity tc
the maximum pipe velocity, Ua/U ) of 3 and unity. The
axial distributions of the axial mean velocity, nor-
malised by the mean velocity value on the axis at the
exit plane of the coaxial jets, are compared with
measurements on Fig. 4. The calculated centre-line
velocity distribution is in reasonable accord with
the measurements except in the region immediately
downstream of the exit in the case of the higher velc-
city ratio where the velocity is underpredicted espe-
cially with models 2 and 3. Further downstream and
at around x/d_ = 4.0 (do is the annulus outer diame-
ter), and aga?n for the higher velocity ratio, the
mean velocity maximum is underpredicted by about 15%.




The discrepancy in the calculationiby Model 1 has
been attributed (see Habib and Whitelaw, 1979) to
the incorrect representation of the turbulent diffu-
sion process as a result of the isotropic-viscosity
hypothesis and Fig. 4 shows that the same discre-
pancy occurs with the Reynolds-tress models. This
suggests that the predicted mixing is low since the
increase in the mean velocity along the centre-line
in .he case of the higher wvelocity ratic is attriba-
ted to the Aiffusion of the flow of the outer jet
towards .$he centre-line. The magnitude of the dis-
crepanc. attributable to numerical accuracy can
be dedu from figures 2 and 3 and is small com-
pared to that associated with the turbulence models.

Fig. 5 repres~nts the normalised variance of the
axial welocity fluctuations along the centre-line and
is underpredicted by all models; with the Reynolds-
stress approach giving better accuracy in most
regions. The agreement improves in the downstream
region where discrepancies are less than 10t at
x/D_= 4.,0. The normal stress distributions pre-
dicEed by the two Reynolds-stress models are nearly
the sawe and are not affected by thc difference in
the forms of the redistribution terms. Comparison
of measured and calculated values of the kinetic
energy of turbulence show similar trends.

The distributions of the normalised rate of
dissipation along the centreline are presented on
Fig. 6 together with values deduced from the mea-
surements. The rate of dissipation is owverpredicted
by the three models with the Reynolds-stress models
giving smaller discrepancies. These results are
consistent with those of Fig. 4 and the overpredic-
tion in the values of the ra*te of dissipation may
explain the underestimated values of K along the
centre-line, The overprediction of € and under-
prediction of K near the centre-line are expected
to decrease the transport in the momentum equation
by diffusion processes through the decrease in the

effective viscosity, Voss (= U +u ) as shown from

the relation ¥, = P C Kz/e, in model 1 and through
the decrease ifi the lebel of the normal stresses in
models 2 and 3. This explains the underpredicted
mixing shown by Fig. 4 and discussed above. Fig. 6
also indicates that the inlet distribution of length
scale has a large effect on the e-distribution in

the upstream region where the diffusion terms have

a large effect in the momentum equations; it has no
significant effect in the downstream region where the
diffusion effects are small.

Figs. 7 and 8 present the radial profiles of the
cilculated and measured flow properties at x/De of
0.616 and shows that the two Reynolds-stress models
Give neariy the same distribution for both the two
velocity ratios. It can be concluded that the
difference in the forms of the redistribution texrms
has little effect on the mean wvelocity distribution
along the radius. The results of the Reynolds-stress
models are more precise for unity velocity ratio and
show better agreement than in the case of the higher
velocity ratio. The K * ¢ model predicts the
velocity maximum in the 3:1 velocity ratio case more
accurately, but shows greater discrepancies in the
region of rapid velocity decay, 0.4 < y/R < 0.6. The
width of the recirculation region is underpredicted
by the three models with the Reynolds-stress models
giving slightly smaller discrepancies and better
representation of the mean velocity near the wall.

The calculations of normal stress indicated that
the Reynolds-stress models were preferable but still
led to significant underprediction in the region of
r/R less than 0.3, Pope and Whitelaw (1976) observed
similar discrepancies in their calculations for the
near-wake flows near the axis of symmetry. The reason
may be the gradient assumption embodied in the
Boussinesg equation in the two equation model or in
the diffusion terms in the Reynolds stress models
which break down near the axis of symmetry. The
profiles of ghear stress showed that the changes in
the sign are correctly represented and that nc one
model can be identified as a clear improvement over
any other in: the upstream region. At :n:/De = 3,67,
the two stress models provide results which are more
than 508 larger than those of the K-¢ model and are
in good agreement with the measurements.

Discussion

The results show that the mean velocity can be
represented by the three models with the maxima along
the centre~line and radius underpredicted by around
20%. The discrepancies may be attributed to the
underprediction of the turbulent diffusion and this
is confirmed by the underestimation of normal and
shear stresses and their gradients, particularly near
the centre-line.

In the case of the K ~ € model, the effective
viscosity formulation implies that the principal axes
of the Reynolds stress tensor are parallel to the
principal axes of the strain rate tensor so that any
change in the strain rate affects the stresses. This
instantaneous change of the Reynolds stresses with
the strain rates is not supported by the experimental
cbservations because the Reynolds stresses, due to the
vorticity fluctuations, require time to adjust to the
new strain rates (Warsi and Amljcke, 1976; Rotta,
1979 and Bradshaw, 1973). The isotropic-viscosity
formulation can, therefore, be expected to lead to
errors particularly in regions of high velocity gra-
dients, i.e. regions of high rate of strain.

The underestimation of the Reynolds stresses by
the models 2 and 3 may be attributed to the incorrect
representation of the diffusive mechanism. Ribeiro
(1976) suggested that the diffusive mechanism is asso-
ciated with the larger scales of the motion and can
not be represented by second order closures. This
is particularly true in regions of high velocity
gradients where the local turbulent field is stronaly
asymwetric and, therefore, the third order correla-
tions play an important role on the transport of the
Reynolds stresses. These correlations have been ex-
pressed in terms of second order terms and their
gradients.

The rate of dissipation of the kinetic energy of
turbulence is overpredicted by the three models and is
attributed to the strong link between ¢ and the wean
flow field incorporated in the models and represented
by the term Ge/K. Dissipation occurs in the finest
scales of motion and these do not reflect the local
mean strain field. This connection tends to increase
the local level of ¢, and consequently decreases the
level of the kinetic energy of turbulence. The
replacement of G by cA (A being the anisotropy of
stresses defined as , — 2 2

(ui\aj - 5611 X} /k“, Zaman and
Lumley (1979), seems physically better but does not
work well in practice (Launder and whitelaw, 1977).
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The fnrm of the dissipation equation was also criti-
cised by Bradshaw (1973) and Pope and Whitelaw

(1976) particularly in relation to flows with stream-
line curvature.

In complex flows, where there is more than one
major component of the velocity gradient tensor,
extra strain rates are added to the generation
terms. Bradshaw (1973) suggested that the Reynulds
stresses change by amounts which are much larger
than the direct effect of these strains and that
ngither of the effective viscosity model nor the
Reynolds stress models represent these changes
correctly. In the case of K v ¢ model, the changes
in the shear stresses are directly related to the
strain rates through a factor (s u_ (3u/3y + e}
where e represents any other strain rather than
9U/3y) which is very small with respect to experi-
mental evidence which suggests (= u_ (3U/2y + ae),
with o of order 10, see Bradshaw (1§75). 1In the
case of the Reynolds stress models, changes of a
similar order may also be required in destruction,
redistribution and turbulent diffasion terms. This
can be achieved in the present models by replacing
constants with functions of a parameter which can
represent streamline curvature, for example a
Richardson number.

It may be noted here that the effect of the
extra strain rates is especially important in the
regions of 3U/3y =0, near the axis for example.
These effects contribute to the underprediction
of the Reynolds stresses near the centre-line and
it may be anticipated that these effects are of
greater importance with the higher velocity ratio.
This is consistent with the better agreement
between the calculations and experimental results
in the case of unity velocity ratio.

Recent attempts to modify the dissipation
equation to better represent flows with streamline
curvature have been reported. Morse (1979), for
example, found it necessary to make the dissipation
equation constant ce a function of the Richardson

1
number to increase the rate of spread in his free-
swirling flows. A modification of the dissipation
equation was also made by Rodi (1979) in which one
of the empirical constants in the equation is made
a function of the flux Richardson number based on
the extra production of the lateral fluctuations of

v2. Such modifications were shown to be useful in
the predictions of swirling jets (Rodi, 1979) and,
although so far considered only in the context of
boundary-layer flows, are likely to decrease the
discrepancies between measurements and predictions
for flows with recirculation.

Concluding Remarks

The solution procedure has been applied to the
prediction of the flow prcperties of the confined
double coaxial jet for two different velocity
ratios and the results compared with corresponding
experimental data. The agreement between experi-
mental data and predicted results of the three
models are varied according to the flow conditions
and, for example, the mean velocity distribution
near and inside the recirculation zone was better
predicted by the Reynolds-siress models than the
eddy-viscosity model. Significant discrepancies
exist and the size of the recirculation zone
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was underprecited by the three models with the
Reynolds-stress models giving lower discrepancy. The
normal stress was underestimated by the three models
particularly near the centre-line and the rate of
dissipation overestimated. The discrepancies are
associated with streamline curvature and appropriate
modifications to the Reynolds stress equations and
the equation for the rate of dissipation are required

In the fix ¢ instance, the application of a Richardson
number correlation for C‘l' as proposed by Rodi (1979),

should be evaluated but the need for additional cham-
ges can be anticipated for the strong streamline cur-
vatures associated with separated flows.
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EXPERIMENTAL AND NUMERICAL STUDIES

OF THE TURBULENT SHEAR FI.OW IN A PIPE

WITH A WEAKLY WAVY WALL.
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Institut de Mécanique Statistique de la Turbulence

CNRS L.A.

12, avenue du G&néral Leclerc
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ABSTRACT

The complex turbulent flow in a pipe with a
veakly wavy wall is studied. Experiments include
measuresents ¢f mean flow and turbulent quantities
in the air and visualizations in water. The flow
characteristics proved to be very different from these
observed in a usual straight pipe. Moreover an un-
stationary reverse flow behind every crest _has been
found. Numerical predictions based on the low-
Reynolds k-t model are performed in order to test
usual closure hypothesis in a complex flow. The
comparisons with the experimental measurements have
shown that such a simple turbulence model give qua-
litative agreement in several aspects but discre-
pancies remain on the turbulence quantities that are
attributed to the complex character of the flow.

NOMENCLATURE

k kinetic energy of turbulence

P pressure

r radial coordinate

R(x) local radius at abscissa x

RH mean radius of the pipe (arithmetic
mean between maximum and minimum radius)

Ry Reynolds number iH -ZGRH/V

u mean longitudinal velocity

u bulk velocity

u'? ,v7Z,9"2 turbulent normal stresses

ITRETY turbulent shear stress

us, friction velocity in a straight pipe
of radius RHbat the same experimental
Reynolds number.

+ . fen =

u normalized velocity u/utH

v radial component of velocity

x longitudinal coordinate
distance from wall

* normalized distance from wall y "‘H/v

€ dissipation rate of turbulent kinetic
energy

2 vavelength

5.27

p density

v cinematic viscosity

T(x) wall shear stress at abscissa x

Ty wall shear stress in a straight pipe of
radius RH at the same experimental
Reynolds number.

INTRODUCTION

Our aim is to present a study of the turbulent
shear flow in a pipe with a weakly wavy wall (fig 1).
Several approaches have been used together : an
experimental study including measurements in an air
flow and some visualizations in water, and a numeri-
cal prediction using a classical model of turbulence.
Such a flow is a complex one, indeed near wsil curva-
ture effects, acceleration and deceleration effects
due to section variation are important. In fact the
flow characteristics are very different from those
obtained in a usual turbulent pipe flow /1/. Besides,
the experiments have shown the occurrence of an
unstationary reverse flow Jownstream every crest. We
can note that in the literature only few experimental
studies are available on this subject ; we mention
for instance the work of S.T. Hsu and J.F. Kennedy
/2/.

Several numerical predictions of the laminar
or turbulent flow above irregular boundaries of
varicus shapes have been made these last years inclu-
ding mainly studies above solid or moving waves /3/,
/4/ and constricted pipes /5/,/6/.

Present numerical computation of this flow has
been made using the k-¢ model of W.P. Jones and
B.E. Launder /7/. These calculations of such a
complex flow are useful for testing usual turbulence
closure hypothesis and for discussing their ability
to predict the flow characteristics. Before presen-
tation of the results we first give a brief descrip-
tion of experimental dispositive and conditions for
the measurements in the air and for the visualiz:tions
in water. We give also the main informations concer-
ning the numerical treatment.

EXPERIMENTAL SET-UP AND PROCEDURES

Pipe characteristics

Mean diameter 2R, = 38.89 mm , total length
450 mm, wave length of undulation : A = 55 mm,
amplitude : 3 mm, number of undulations : 8. The




shape of the wall undulation are discribed on figure
1.

R ——"

g Instrumentation
f The pressure has been measured by a classical
static probe connected to a water micromanometer,
3 that allows to distinguish 0.02 mm pressure diffe-
. rences.

longitudinal mean velocity profiles have
been meajiured with hot wire anemometer, from axis
to the cous sublayer. In all cases the wall
distance is determined with 0.0] mm accuracy. The
wall shear stress evolution has been obtained from
the slope of velocity profiles at the wall., A special
correction procedure, based on a probe calibration
in a turbulent pipe flow for every distance close to
the wall (y%]. mm), has been used to take into ac-
count near wall effects /8/.

The variances and covariances (u'2, v'2,
w'Z, u'v") have been obtained from single wire and
x-wire probe. Moreover to define the unstationary
reverse flow region (fig. 2), we use a special probe
sketched below :

cold

U, w v
:o e Vet hot wire C:b

- ot R

temperature wake
cold wire of ok wire

PN s

\& Yy

‘\\hﬁwmc//'

osciiloscope
REVERSE FLOW

oacilloscope
NON REVERSE FLOW

As it can be seen on this sketch if an
instantaneous reverse flow happen, we can detect a
temperature wake on the upwind cold wire.

Visualization

A similar model to the one for experimentsl
study in the air has been built in plexiglas.
A dye of dame density than water is injected at
different positions of the wall. The flow is drivenby
gravity. Instantaneous pictures have been taken (fig4)

Experimental conditions

The Reynolds numbers based on the bulk
velocity U and the mean diameter R, = 2R{/v are
30 000 and 115 000 for experiments in the air flow
and numerical predictions and only 30 000 for

visualizations.
NUMERICAL TREATMENT

The numerical treatment /9/ has been deve-
loped within the framework of the classical k-¢
model of W.P. Jones and B.E. Launder /7/ with low
Reynolds number modifications.

Geometric description of the flow

The main difficulty stems from the undulated
shape of the wall : a curvilinear grid (fig.3) is
well suited to describe the wavy boundary. The coor-
dinate transformation has been defined by conformal
mapping. The shape of the wall boundary has been
approximated within a precision of about 0.2 per
cent of the pipe radius, that is about 1.5 per cent
of the wave amplitude.

Within undulation, the grid presents 22 points
in the x direction, 40 points on the radial directioa.
This latter distribution has been refined in the wall
region (half of the points are within the zone
y* < 30), the ratio between two successive steps
remaining constant.

Numerical method

The set of partial differential equations
governing the flow together with those for turbulence
kinetic energy and dissipation rate has been trans-
formed to be formulated in a curvilinear frame of
reference. The finite difference counterpart of these
equations is derived in the transformed plane using
the micro-integral approach. This finite difference
scheme embodies upwind-differencing for the approxi-
mation of convection terms. Shifted grids are used
to calculate U and V mean velocity components. The
solution algorithm is developed on the basis of the
calculation procedure of W.M. Pun and D.B. Spalding
/10/ for recirculating elliptic flows. The discretized
equations, written in a linearized form are solved
by iterations using a line-by-line procedure. Solution
for all variables on 8 cross-stream section is per-
formed before advancing the sweep (NEAT method). Cell-
continuity is enforced by solving a pressure correc-~
tion equation but is also preceeded by a strip-wise
adjustment of overall continuity with consequent
pressure changes over the remainder of the field.
This overall correction has been adapted to curvi-
linear geometry. Due to the nonlinearity and the
coupling of the equations, a combination of under-
relaxation and linearisation of source terms is
necessary to ensure convergence of the overall proce-
dure. Convergence is controlled through residual
sources calculation and evolution of variables at
preselected modes.

EXPERIMENTAL AND NUMERICAL RESULTS

The pressure and velocity fields have been
measured between the 4th and the 5th crests to avoid
the entry effect and exit effect.

Numerical calculations have been carried from
the entry section down to the 4th crest, undulation
after undulation. The entry conditions at the inlet
of the first undulation have been obtained from the
steady solution in a straight pipe. The inflow condi-
tions in the calculation domain correspond to the
values obtained at the exit of the previous undula-
tion. The outflow conditions imposed at a crest
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location, where no recirculation happen, assume that
the second derivative of each function falls locally
to zero. This means the continuity of the variations
of the flow quantities.

Pressure field

The evolution of radial distribution of
pressure is presented in fig. 5. We find that the
maximum of pressure occurs near the wall at the
section 3 and the minimum at the crest. This is in
accordance with the presence of decelerated and
accelerated flow respectively. The pressure gradient
vanishes near section 2 (fig.l). The localisation
of the inflexion point of the wavy wall is midway
between sections ) and 2 (fig. 1). The evolution of
the pressure for Reynolds number 30 000 is delayed
compared to the curvature variations of the wall.
This point will be discussed later.

Mean velocity field

Fig. 6 and 7 gives the experimental and
numerical profiles for the different sections. We
note that, due to the presence of undulations, a zone
of dynamic equilibrium does not exist as it would be
the case for the turbulent flow in a straight pipe.
However some discrepancies appears between experi-
mental and numerical values, though the shape of the
different profiles at the respective sections is
qualitatively the same. Of course, we have verified
that the calculated mean velocity profile using the
k-z model in a straight pipe is in good agreement
with the universel log. law. Thus, the previous
discrepancies come from the complex character of
the flow due to curvature effects. We remark also
that the useofacalculation grid in expansion from
wall to axis diminishes the precision of results near
the center of the pipe, but our computer limitations
precluded much finer resolution

Reverse flow region and wall shear stress

The existence of an unstationary reverse
flow region close to the wall after every crest has
been found from measurements with the special probe
described previously. It appears that this region
diminishes when the Reynolds number increases (fig. 2)
Visualizations (fig.4) in water have confirmed the
occurremre of this unsteady reverse flow at Reynolds
number of 30 000. We can also observe that the cal-
culated streamlines pattern (fig. 8) at = 30 000
show a bulby deviation of the flow fromthe wall
after every crest, but at ia = 115 000 the flow
direction is closely following the shape of the
boundary.

Consequently, the above qualitative obser-
vations must be quantitatively described by the evolu-
tion of the wall shear stress. Fig. 9 gives the values
of the wall shear stress obtained from the slope of
the mean velocity profiles in the viscous sublayer.
As it can be seen, the Reynolds number influence on
these values is taken into account by numerical cal-
culations. The underlying physical mechanisms remain
not clearly explained to-day. The increase of turbu-
lent transfers with Reynolds number is a possible
explanation of the vanishing of reverse flow at the
higher Reynolds number. Consequently the radial
pressure gradient at the wall (fig. 5) forRya115 000

is almost only determined by the wall curvature,

Turbulent field

The turbulent kinetic energy (fig. 10) is
always higher than in a straight pipe. The experi-
mental determination of normal stresses has shown
that the high values of k were mainly due to an in-
crease of u'Z component compared to the straight pipe
result /1/ and atributed to the effect of undulations.

Numerical results in figure 10 suggest that
a peak of energy begins to grow near the wall in the
zone of reverse flow and is progessively absorbed by
neighbouring regions.

The evolution of the stress is presented in
figure 11. The most important difference between
experimental and numerical results appears on these
terms. In particular the negative values have been
calculated near the crest section. It seems that this
is a consequence of relatively high values of the
term ov which appears in the expression of the Reynolds

X » —r—‘—
stress tensor ( if i#j : u .u 5

U = (3L + 3G)), ina

X, axi
cartesian system)using turbulent eddy viscosity
concept. This point seem to be a limitation to the
applicability of the k-¢ model to predict a flow
with curvature effect.

CONCLUSION

Results presented in the above sections have
shown that the flow in a wavy pipe presents many
basic differences compared to classical turbulent
pipe flow. In addition to the curvature effects, the
existence of an unsteady reverse flow region, which
is depending on Reynolds number, affect pressure and
velocity fields along an undulation, thus adding new
complexities. Comparisons between experimental results
and numerical predictions have shown that a qualita-
tive agreement is obtained in the description of
mean flow. This agreement is rather better at the
higher Reynolds number. However, several discrepancies
remain attributed to a basic limitation of the simple
k-¢ closure applied in such a complex flow. In order
to take into account curvature effects on turbulence
it seems suitable to refine the model by including
correction factors in the way proposed by P. Bradshaw
/11/. In the long, Reynolds stress closures may
probably be useful in such a case, but if they are
potentially more general their precise formulation
demands a more complete knowledge of turbulent
interaction mechanisms in presence of curvature.
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A COMPLEX TURBULENT WAKE

G. Pabris+
Illinois Institute of Technology
Chicago, Illinois

ABSTRACT

Attention is focused on a complex turbulent flow
formed by merging of two two-dimensional far turbu-
lent wakes. Slight heating of only one of the origi-
nal single wakes provided the temperature trace for a
conditional sampling investigation of the interacticn
process. A special four wire probe and signal praves-
sings enabled measurements of extensive number ¥
correlations of predictive and physical interes<
Among significant findings are: increased miryas it
spread of heat (temperature), enhanced latera? i ve
ment of large eddies despite decreasing turby™zn-<a
intensity in the merging region, increased crgrrit i
of the thermal interface, increased conditior:} * .r-
bulence intensity when eddies originating fuisdh =
single wake cross the adjacent wake.

INTRODUCTION

Methods of predicting turbulent flows have made
remarkable progress during the last decade thanks to
the efforts of a number of scientists and advances in
available computational power. Additional closure
equations have been conceived requiring more detailed
information or modeling of third order correlations.
The most attention is still focused on about a dozen
so called basic turbulent flows. The reason for this
interest perhaps being that almost all of the basic
flows exhibit features unique enough to frustrate
efforts to devise a prediction method of acceptable
universality ar this time. However most flows of
engineering interest are "complex" turbulent flows (1)
representing interactions of two or more "basic"
turbulent flows. It 1s safe to assume that complex
turbulent flows are likely to possess some "new
peculiarities." Accordingly, by redirecting some of
the fundamental experimental and predictive research
to complex flows gains will be made in the knowledge
of turbulence.

The present study represents such an attempt.
The complex wake was formed by merging the far fields
of two equal cylinder wakes. One cylinder was slight-
ly heated so that the temperature could be used as a
tracer and in conjunction with the conditional samp-
1ling technique provide detailed insight into the
intriguing merging process. Since the single (basic)
wvake was studied in parallel (2) "reference" was
available to judge interacting influence of the se-
cond wake. Probe and method developed by Fabris (3),
capable of providing accurate instantaneous u, v, w,0,
and at a point, was essential to the quality and
completeness of data obtained in this study.

It is encouraging to notice that some predictors

have recently made serious attempts (4,5) to use avail-

able conditional sampling data in theoretical analysis.
These new methods use the intermittency function as
one of the variables.
This paper covers conditional mean flow charac-

.#: istics and second order correlation at downstream
-~ation X/D = 400, Interested readers can find data
1 tiie third order correlations, statistics of turbu-
Tenen, including time derivatives at X/D = 200 and
<31 in References 6 and 7. Information in the vicin-

1+ of the instantaneous thermal interface is also
waruted.

ESTABLISHMENT OF THE COMPLEX WAKE

Mutual lateral spacing of two cylinders of Ay/D
= 8 was chosen so that the two single "basic" wakes
were formed undistorted. This spacing should produce
no noticeable coupling of the vortex shedding phenome-
na (8), (9), (10), (11). The aim was to study merger
of their farfields. Downstream development of the ve-
locity defect of the complex wake shown on Figure 1
indicates no interaction at X/D = 25. At that loca-
tion, von Karman vortex streets have already practi-
cally disintegrated (12). At X/D = 50, the defect at
the centerline (of the interaction region) is only
eight percent of the local maximum defect indicating
weak interaction of zones of low turbulent intermit-
tency. At X/D = 100 the centerline defect increases
to 35 percent but the region of interaction is still
quite narrow. At X/D = 200 the centerline defect
grows to 80 percent of the waxima and the interacting
region widens considerably. At Z/D = 400 the overall
complex wake defect profile begins to resemble the
defect of a single wake. There is a rather wide
region of weak shear 3U/3Y in the merging region of
intriguing portent to the turbulence structure and
production.

X/D = 200 and 400 locations were chosen for a
detailed conditional sampling study of the turbulent
structure of the complex wake. However due to limited
space only information at X/D = 400 will be presented
here.

Figure 1 suggests that at two locations chosen
there {8 a rather rapid transition from two single
equilibrium wakes to a complex "transient” wake on a
course of further transfiguration to a new wider
single self-preserving wake. With this in wmind, we
shall embark into presenting a few conditional insights
into the merging process. (Normalizing factors are:
vR = 6,46 m/s, OR = 0,4227C and D = 6.2484 wm).

+ Present Address: Combustion Dynamics and Propulsion
Technology Division Science Applications, Inc.
Canoga Park, CA 91303
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ON CONDITIONAL DISCRIMINATION CRITERIA

A number of criteria has been proposed to disting-
uish between potential and turbulent fluid on instan-
taneous basis. Originally different combinations of
time derivatives of the streamwise velocity were used
(13). There 1is no guarranty that this kind of discri-
mination truly detects the correct location of turbu~
lent/potential interface. Comparing traces of gener~
ated intermittency function and the velocity provides
some subjective judgment. Any passive scalar, such
as low level incremental temperature, in air is dif-
fused two orders of magnitude faster in turbulent
than in potential flow where diffusion is by onduction
only. Accordingly it seems apparent that for flow
with at least some positive production of turbulence
where potential flow is entrained by turbulent flow
the thermal interface will coincide with potential/
turbulent interface. There were several publications
recently concerning discrimination based on tempera-
ture and velocity criteria. Generally it was found
that some increased temperature fluid extends into
zones called "potential” based on velocity discrimi-
nation. The question is: which criteria to trust?

Of course, the definition of turbulent fluid 1is that
it possesses vorticity. One would have to compare
the three-dimensional instantaneous velocity vector
(practically impossible to measure) with the tempera-
ture signal. Even if that could be done, the vorti-
city vector would show short regions of zero vorticity
within "the fully turbulent” flow (internal intermit-
tency). Based up on this argument, it seems to the
author reasonable to accept that the temperature

front coincides to an acceptable degree with the tur-
bulent/potential interface. It appears the most na-
tural to apply a small temperature threshold to detect
the thermal front. However, difficulties have been
reported (14) such as pronounced variations of compu-
ted intermittency factor and bursting rate with the
level of the threshold. It was found necessary to
introduce a hold time to bridge over quite short
"bursts" probably caused by electronic noise and ex-
tranecus undulations in the temperature singal.
Objections were raised (15) against bridging over
short cold spots since a number of them may represent
potential fluid rolled up within turbulent eddies.
During this study the threshold level and the hold
time were changed systematically. However, no appre-
ciable effect on the intermittency factor and the
bursting rate was noticed. It is believed that achiev-~
ed quality of the temperature Signal was the reason.
Namely the signal to noise ratio was about thirty
times higher than had been obtained with standard hot-
wire equipment. Examination of the instantaneous
temperature trace (2) revealed that within turbulent
fluid there were indeed many tongs of colder fluid;
however, their temperature was still comfortably above
the threshold level. If the temperature went below
the threshold then it "stayed" there for a time inter-
val longer than a reasonable hold time.

INTERMITTENCY RESULTS

Since only the lower cylinder was heated, the
thermal front bounded the turbulent flow at the lower
side of the complex wake. At the upper side the
thermal front was within fully turbulent fluid which
provided the opportunity to investigate some subtle
characteristics of interaction between two turbulent
flows. Appropriately the intermittency function

complex wake, quite similar to those in the single wake
(2). 1In such a way we will be able to infer effects
of the second turbulent wake just by compsring results
at the upper and lower sides of the thermal part of

the complex wake. In a few cases results in the
single basic wake wil) be provided for better contrast.

Intermittency Factor

Figure 2 compares the intermittency factors for
the single and the merging wake. Apparently on the
lower side results are very similar, as was expected.
At the upper side, additional turbulence enhances
mixing or the entrainment into the "thermal wake"
process, contributing to its more extensive upward
spreading. This upward shift 1s especially pronounced
for low intermittency factor suggesting strong lateral
penetrations of crests or top portions of the heated
turbulent bulges. Plot in the probability coordinates
is not provided here, but Figure 2 suggests that appro-
ximate Gaussian distribution of y is retained.

Bursting Rate

Bursting frequency on Figure 3 indicates virtually
the same number of heated turbulent bulges in the
merging and the single wake. However at X/D = 400 the
peak number of heated bulges in the merging wake is
about 20 percent higher. Only two to four percent
of this increase can be attributed to higher convec-
tion velocity. It suggests that the turbulent to
turbulent fluid entraimment is preferential in this
case or occurs in such a way that not only lateral
undulations of the thermal interface increase but it
also becomes more corrugated.

Distribution of the Intermittent Heated and Cold Fluid

Statistical properties of heated and cold fluid
intermittent time intervals were computed. 'Complete
cycle”" intervals were also studied by noting the time
elapsed between passage of the backs of two consecutive
heated bulges. Figures 4 and 5 display the average
durations and its standard deviations of the inter-
mittent time intervals. General trends are as expec-
ted with the "full" intervals being the shortest
approximately at y = 0.5 location. In the interacting
region the minimum is 10.5, while at the lower side
it 1s 15,

MEAN FLOW CHARACTERISTICS

Streamwise Velocity

Conditional streamwise velocity defect is given on
Figure 6. At the lower side, characteristics are simi-
lar to those of the single wake as described elsewhere
(2). At the upper side, heated fluid moves signifi-
cantly more slowly than average flow as compared to
results at the lower side even though the lateral mean
velocity gradients are the same. The answer should be
looked for in faster lateral movements at the upper
sidc (as explained next), or that the upward erupting
heated fluid has to cross wider velocity defect region.

Regarding the unheated zones, tendencies are
revergsed. Namely, potential zones (at the lower side)
moves considerably faster than the conventional average.
It 18 easy to find the reason in this case by noticing
that at Y/D = 5 the cold fluid is fully turbulent.
"Pronts" of heated zones move faster than "backs" at

was defined as being one in heated, and zero fn unheated both sides of the wake.

fluid. This renders results at the lower side of the

6.2
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An attempt was made to check the superposition
method (16,17). However, superimposing the velocity
defects of two single wakes resulted in an overesti-
mate of the defect of the merging wake especially
at its centerline. It appears that the superposition
method could provide acceptable approximation only in
the far quasi-gimilar fully merged wake as proposed
by its originators.

Lateral Velocity

Conditional lat:ral velocity are given on Figure
7. Comparison of the heated and unheated conditional
zone velocities at the upper side with those in the
single vake (2) leads to the striking realization that
the interaction of two wakes caused the lateral move-
ments to be two to three times faster, It appears
that counter rotating eddies of two merging wakes
enhance each others lateral motion (most of it being
in the region of negligible 3U/3y and diminighed
production of turbulent energy). This is contrary to
the hypothesis (16) that turbulent bulges from the
two separate wakes "collide" and bring the lateral
velocity to zero. Figure 8 illustrates the mechanism
of enhanced mixing. It had been observed (18) that
a heated interface in a uniform turbulent flow spread
faster than if the unheated co-flowing region were
potential. Here the large-scale motion adds still
another factor.

Experimental and predictive analysis of mixing
multiple jets in a duct (19) indicated the interes~
ting and puzzling phenomenon of increased decay rate
of jets in the overlapping region. It was necessary
to increase the eddy viscoysity in order to get a
good prediction in the overlapping region. It is
believed that Figure 7, i.e. enhanced lateral move-
ments, reveals the underlying physics behind it.

FLUCTUATING VELOCITIES ~ MEAN SQUARES

The Streamwise Fluctuations

The conditional squared streamwise velocity
fluctuations are given on Figure 8. The conventional
profile has a deep trough in the center, and its
maxima are somewhat lower than for the single wake
(2) and, again correspond to the region of maximum
mean strain rate (see Figure §). It is most signi-
ficant that the conventional u2 distribution s
symmetrical to the accuracy of the measurements.
Thus, the differential heating indeed had negligible
effect on the dynamics turbulence field. In additionm,
the measurement technique had fully eliminated cross-
contamination of signals. The cold-zone average
peaks at almost the same level as the conventional
average. However, it exceeds the conventional
average just where the cold-zone defect U, had _
shifted inward with respect to the conventgonal u
average on Figure 6. Figure 6 discloses how the heat
zone defect curve is displaced outwards: the warm
1umps have been slowed down (streamwise) in penetra-
ting the cold upper wake. It is curious to see how
the fluctuations in the heated lumps follow this
outward shift of their wean defect: this conditional
average is significantly higher (even when z-average
18 used) and is shifted outward. The unheated-zomne
averages on the lower side of the double wake display
no such behavior because the "cold lumps" migrating
from the upper cold wake do not remain "fully cold,"
i.e. below the threshold. Thus despite the presence
of these slow "ex-cold lumps,” the statistics of the
lower part of the double wake follow essentially

the behavior of those in the single wake.

The Lateral Fluctuations

——

Figure 9 displays the variation of conditional v2
that is again symmetrical. The most interesting feat-
ure in the interacting region are high R-averages in
the cold fluid penetrating close to the centerplane
and in the warm fluid at the upper edge of the wake.
The cold vZ averages thus differ from the uZ averages
tear the centerplane. The outward shift of the maxi-
ma of the fluctuations in the warm lumps_follows the
shift of the corresponding averages of Ud and uZ,

The Spanwise Fluctuations

Figure 10 shows that the unheated turbulent fluid
interestigly maintains an almost constant intensity
of spanwise fluctuations. This would indicate that
large countrarotating interacting eddies are prima-
rily two-dimensional, enhancing each other’'s lateral
movement but not the spanwise movement. The heated
bulges again exhibit a high level of fluctuation at
the wake's periphery. However, the ggrm peaks are
displaced outward less than for the u‘ and vz cases,

a behavior which would be consiste~t with an increa-
sed degree of two~dimensionality ot the thermal front
interface. Namely, detailed information on basic
two-dimensional turbulent flows (instantaneous w trace
(2), or smoke visualized mushroom-like formations (20)
suggests (21) the existance of eddies possessing
strong streamwise vorticity out of phase “direction)
with the mean flow vorticity vector. _Figure 10 seems
to suggest that these eddies of high w2 have dimini-
shed lateral penetration ability once they encounter
another turbulent fluid.

UV CORRELATION

This 15 the most important second-order corre-
lation called they Reynolds shear stress. Multiplied
by p it represents the turbulent shear stress in the
momentur equation. Its product with the mean shear
3U/3y 1s the rate of production of turbulent kinetic
energy (that is fed solel; to u? fluctuations)., Its
own production rate is -vZ 3U/3y.

The conditional Reynold stresses are given in
Figure 11. The conventional average exhibits a wide
region of small values near the wake center. The
stress changes sign three times times as if it were
following the mean velocity graident even in this
region of interaction between opposite vorticities
and stresses of the component wakes. In the upper
part of the wake, the Reynolds stress of the cold
zones follows the conventional average but remains
more negative as the wake center is approached, T 's
bifurcation apparently reflects the bifurcation of
the corresponding defect curve (and their slopes) in
Figure 6. The higher peaks in the heated bulges and
their outward shift resemble that in the uc case and
was previously discussed. _Because_the "production”
depends on the product of vZ and 3U/dy, the outward
shift of these two characteristics for the heated
zones in Figure 9_and 6 is relevant.

Correlation U,V shown on Figure 12 represents
rates of lateral tgansport of the momentum defect.
It 18 clear that in the upper part of flow the heated
and unheated bulges transfer much more momentum
defect on a conditional basis than on the lower side
(which resembles the single wake).
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MEASUREMENTS IN A LOW MOMENTUM JET
INTO A CROSS FLOW

J. Andreopoulos
Sonderforschungsbereich 80

ABSTRACT

Measurements of velocity fluctuations with a triple
hot-wire probe ore presented for o jet in o cross flow
situation at various ratios of the jet to cross flow velocity.
Profiles of the three mean~velocity components, the six
normal and sheor stresses and higher order moments were
obtained at different spanwise positions and several down
stream stations. It was found that simost all terms involved
in the turbulent kinetic energy or shear stress transport
equations are of significance. In the lower blowing case
most of the Reynolds stresses reach their maximum value
ofter the bending over of the jet fluid streamlines, where
the entrainment of cross stream fluid is expected to be
high. The presence of two bound vortices which enhance
entrainment has also been found in the lower blowing
case. The normal spreading rate of the jet in the near
field wos equal to that of o round jet in o stagnant
surrounding while at the for field o gradual reduction
occurs to the zero pressure gradient boundory layer. The
lateral spreading rate was found to be like that of a plane
shear layer and remains constant at all the investigated
stations.

b,b nomal ond laterol width of the jet respectivety
y z

< skin friction coefficient

D pipe diometer

El R Ez, E3 hot-wire voltages
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R Vi/Ue, jet to cross-flow velocity ratio

U, V, W instantaneous velocity components, in x, y, 2
direction respectively

U, V, W mean velocity components
u, v, w fluctuating velocity components

x, y, z coordinates (see fig. 1), streamwise, normal
and lateral respectively

boundary layer thickness

£, 0.9, vorticity components in x, y, » divez:ions
y respectively

LI pitch , yaw angles
Subscripts

e cross-flow at infinity
i jet-flow at infinity
INTRODUCTION

Numerous experimental and analytical studies of the
jet in o cross flow problem aore available in the literature
due to the relevonce which this geometry has in o variety
of engineering applications. Depending on the jet-to-cross
stream velocity rotio, exomples of this flow can be found
in turbomochinery, internal flows, aircraft aerodynamics
and environmental flows such as plum dispersals and pipe
discharges into rivers. Few of these studies, however,
include reliable measurements of turbulence quantities
throughout the flow. Exceptions to this include investi-
gotions by Crabb (4) and Crabb, Duroo and Whitelaw
(5) who reported dato for o relatively high jet to cross
flow velocity ratios R = 2.3 and 1.15). Also some of the
basic feotures associated with lorger R volues as motivated
by the VTOL applications have been presented by Keffer
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ond Baines (7), Komotani and Greber ( 8) and

Mousa et ol (9). Ramsey and Goldstein (10) reported
measurements of film cooling effectiveness in o heated

jet and Bergeles of ol (3) indicated the non-uniformities
of the velocity profile at the exit plane of the jet (for
low R), although the accuracy of their single sensor hot-
wire measurements must be token into consideration.

The objective of the cument research program on the
jet in o cross-flow case has to increase the understanding
of the flow ond to obtoin reliable turbulence dato
throughout the flow field which could be subsequently
used for testing and improving numerical colculation
methods. The experimental progrom included o flow
visvalisation study with dye injection and surface
streaking which have been reported on by Foss {6 ), and
measurements inside the dischorging pipe to fully document
the cross stream effect on the pipe flow upstream of the
exit (see Andrecpoulos (1) ). Here it was found that the
non uniformities of the velocity and temperoture profiles
within the pipe extend as far os 3 pipe-diameters up-
stream of the exit. The extremely high gradients in x, vy,
z directions ot the exit plane result in high rates of
turbulent kinetic energy production, a great part of which
is transported outwards by the mean flow of the jet fluid.

EXPERIMENTAL TECHNIQUES AND DATA REDUCTION

The measurements were made in the closed circuit
wind tunnel at the Imsitut fur Hydromechanik, University
Karlsruhe, which has a 6 m long by 1.5 m internal dia-
meter octagonally shaped working section. A flat plate
was installed at about 0.28 m from the tunnel’s floor
(see Fig. 1) ond the pipe-jet flow wos driven by a 2
stage-compressor through a plenum chomber and a heot
exchanger to control the air flow temperature. The brass
pipe had a 50 mm internal diameter and its exit plane
wos 12 diometers downstream the plenum chamber.
Velocity and turbulence measurements were made with
DISA anemometers and DISA minioture slant-wire, cross-
wire ond triple-wire probes. All signals were digitized
ot 5 kHz per channel and stored on mag tape for later
data reduction, to give statistical averages . The data
ocquisition system and the statistical onalysis program are

_fully Jescribed in (V1) -

|8 TUNNEL WALL
TURNTABLE g

zIWo-E:“ -.] n

FLAT PLATE FLAP

PRESSURE ¥4 & & TUNNEL WALL
TAPS $ S ——
9 50~ H»j T
COMPRESSOR PLENUM
HEAT CHAMBER
EXCHANDER  COOLING WATER
TURNTABLE (pion view)
Fig. 1 Experimental arrangements
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All mean turbulence quantities which  are reporied
here, have been obtained with a triple hot wire probe
DISA type 55P91. The basic festure of such o probe is
that its wires are parcllel to the axis of an orthogonal
coordinates system, so that the tangential component of
one wire is the --ormol for another and binarmal for the
third. If the instantoneous velocity has components X, Y,
Z parallel to the respective axis x, y, z in probe coori-
nates, then the effective velocity for each wire is given
by following:

ubr, = HopX? + + Ry 22
By = WY x2 +k7~o w2 2
ey = +h’(a3)Y2 + Koy 22

This system of equations is linear with respect X2, Y2, 22,
has three unknowns, and the instantaneous velocity compo-
nents in probe coordinates can be obtained easily by the
matrix inversion method. A similor technique has been
described in (12) where the matrix was inverted using o
flow analyser device whose analog autput could then be
digitized to give velocity components. The present
approach is fully digital (no linearisers used) and has the
novelty to allow the coefficients k and h to vary with
pitch and yow ongles as it hos been found in calibrotions.
Since the yaw and pitch angles of the instantaneous
velocity vector are not known "u mriori" an iterative
numerical scheme has been used to solve the before
mentioned system with the matrix corresponding to the true
angles. The method which has been documented and tested
by Andreopoulos (13) greately improved the performance
of the probe.

Both interacting flow fields i.e. the pipe flow and
the cross flow, were found to be developing turbulent
flows for all the investigoted velocity ratios (0.25=R=3).
At x/D = -4 upstream, the jet exit on the plate, where
the jet interference on the cross stream was negligible, o
friction coefficient c; = 0.0034 and boundary layer thick-
ness d= 0.34 D ot Ue = 12.8 m/s were measured. The
results which are presented here cover the case with
velocity ratio R = 0.5 and are nondimensionalized by D
and U,. The comesponding Reynolds number for the pipe
flow is Re = V. D/y = 20500 i.e. one order of magnitude
higher than that in the flow visualisation studies of Foss
where both flows were laminar.

RESULTS AND DISCUSSION

Sufficiently strong deflection of mean streamlines in

o shear flow can leod to the creation of discrete
longitudinal vortices. The "skew-induced" or pressure
driven secondary flows (Prandt!’s first kind) decoy under
the action of Reynolds stresses and their generation is
basically due to an inviscid mechanism. In the present
experiment "skewing" of streamlines tokes place in two
characteristic directions, nomely nomal and lateral.
Deflection of the streamlines in y-direction leads to the
generation of R, = OV/3x - 80,0y vorticity which, in
regions above the dwldmg streamlines is positive
(R,) because AV/Dx is drasﬂcolly increased in the region

over the exit ond 3U/Dy is becoming small, (having there-
fore the same sign as the initial vorticity of the
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approaching tube and negative (Q,.) below the deviding
streamline). This negative vorticity con be added to the
negative vorticity of the oncoming boundary layer which
because of the divergence of streamlines in z-direction is
intensified by the lateral positive stretching dW/0z.
Together these negotive vorticity contributions form o
“horseshoe vortex" similar to that generoted by the atmos-
pheric boundary layer in front of tal | buildings. Actually,
the oncoming boundary layer separates already upstream of
the jet ot the soddle point of the skin friction lines;
there the separcted shear layer rolls up forming a “horse-
shoe vortex" which wraps around the jet exit os found in
the measurements by Andreopoulos (1) and in the flow
visualisation ond surfoce steaking potterns in (6).

The loteral deflection of the streamlines is shown
in Fig. 2 where the mean W velocity is plotted as o
function of y/D at z/D = -0.5 for various downstream
pasiNens x/D. Mean W is sero at 3/D = 0 i. ¢, the Plane

1

R=05
— x/D= 1000
- : ¥y —Yeyy.
2/D=-50 x/D=6.00
1 ] ~I-2-2
~—— x/D=400
) M p=200
—F — x/D=2.
} L x/D=1.00
J 3 <b O——— x/D =50
1 \\1 | x/D=.5
XA x/D=.00
)
o — x/D=z-25
& - x/D=-%0
°Jo ;ﬁ 216"
5gjod ¥/o
" |
9.
(=]

Fig. 2 W—velocify profiles at z/D = -0.5 as a function
of y/D

of symmetry. It is cleor that ot the two upstream stations
= -0.5 and -0.25, W can reach volues as high as

-0.16 U, at which point U takes values of approx.

0.5 Ug (not shown here}. The resulting lateral rate of

stroin is therefore roughly 0.32 U,/D.

Divergence of streamlines in the z-direction in
addition to stretching of Qz vorticity can generate also
fongitudinal or normal vorticity, with opposite sign than
the "horseshoe vortex", which with the reoriented and
stretched initial vorticity of the approaching flow in the
pipe form the "bound vortices". The normal "skew
induced” vorticity 2, is responsible for the vortex
shedding which is present in the high velocity ratio cases
(R >1). However, vortex shedding, strickly speaking
shedding of ) vorticity, is quite unlikely to take place
in jow R cases, at feost in the usual sense of regulor
periodic phenomenon. There was ot least no strong
evidence in the present investigation to contradict this
hypothesis. Strong evidence exists, however, to confirm
the existence of the pair of "bound vortices", even in the
low velocity ratio case R = 0.5. Two results
verify this: first, the chonge of sign of W velocity at
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Fig. 3 V—velocify profiles at z2/D = -0.50

x/D =1, 2 ond 4 in Fig._2 indicating a rather strong
contribution of negative WDy to §2, and second the
lateral reduction of mean V velocity i.e. aV/ﬂz>0 (see
Fig. 3 and 4). Both increase the absolute volue of

Q, = dW/0y - BV/z. This vortical field of both vorticity
components induces a positive V velocity in the "common
flow" region i.e. in the region between the vortices where
the flow is directed outward from the surface, ond o
negative V everywhere else.

But there is another combined effect which has to be
taken into account in trying to explain the behaviour of
the mean velocity profiles, namely the downwash effect of
the streamlines, porticularly evident in the outer region.
This is due to the tow pressure behind the jet. In the
"common flow" region these effects are opposing each other
and the present results suggest that the low back pressure
effect is dominoting (see Figs. 3 ond 4) except probably

R=0S
2/D = 00

x/D =200
x/D =100
x/D=50
xD:=25

x{D= 00
:f +~— X/Da-.25
L™ x /D »-S0
12 6

Y/p

Fig. 4 V-velocity profiles at z/D = 0.0




ke very close to the vortex cores, for example ot x/D = 1
in Fig. 4. Here the induced V velocity is higher -
particulorly on the plane of symmetry z = 0. In oddition
vorticity is intensified by Iongnudmal stretching
9U/0x (accelarating flow) in this region.
F Fig. 5 shows the U velocity profiles ot z/D - 0.
The opproaching bwndarz_layer flow is decelerating i.e.
t OU/dx is negative while V is increased considerably
E (Fig. 4). In oddition it was found in (1) thot the mean
velocity profiles at the exit plane of the pipe were
E highly distorted by the presence of the cross flow: ot the
, teading edge of the exit (x=-D/2) V velocity is smaller
g than Vi i.e. the jet flow in that part of the tube is
s decelerated under the influence of an adverse pressure
v - gradient which has been imposed by the cross stream,
L while at the trailing edge the flow is acceleroted ond v
i is 50 % greater than V.. The u, v profiles over the exit
A from x/D = 0.5 to x/D = 0.5_show similar behaviour
i.e. V increases with x while U decreases. Since the
jet-streamline curveture commences inside the tube, the
<. jet fluid in the immediate region of the hole acts like o
i “cover" over the jet exit. The cross stream then is lifted
R up os the V profiles show and flows over and around the
i3 ‘tovar” of least in 4he sense of the mean ew velocities.

2 R=-05 orr—""

2/D =Q0

b

ol

x/D= 600
x/{0= 400
x/D=2.00

: ~ ——r—r——r—— x/D=100
r—r— x/D=50
o :fg +~— x/D=.25
S, x/D =00
o

x/D=-25

x/D=-50
0 04 ,08 12 16

Fig. 5 U-velocify profiles at z/L = v.u as a function
of y/D

The profiles downstream of the jet-exit postulate
clearly o "wake” like region ond/or a "mixing layer"

like region with more or less monotonic variation of U
with y except probably at x/DE2 where U overshoots
its free stream value before it reduces to U,. in the
"wake" like region the longitudinal accelerotion is
important and the conservation of moss requires fluid from
the sides to rush inwards towards the plane of symmetry.
The present measurements show clearly that both gradients
dV/By ond W/ are negative. In fact, checks on the
conservation of mass are foirly easy to do because
3-Dimensional velocity profiles exist, and within the
limits of graphica! differentiation the results are
satisfactory .

It is generally agreed upon that o normal yet
separates from the exit surfoce and there always exists o
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region downstream of the exit where flow reversal takes
place. It is not a "close” recirculating flow region
because of the high entroinment rates from the cross flow
on the sides. This moderates significantly the reverse flow
action and the actual reverse flow region is considerably
restricted. The surface streaking patterns given by Foss
(6) which are time integrated pictures of the flow give
a good indication of the extension of that zone. However,
occacionol flow reversal can happen olso at different
heights from the wall. A tuft study has been undertaken
to investigate the regions in which instantoneous flow
reversal may occur. Observations show that within the
region 2 diameters downstream 0.4 diometer spanwise from
the jet and up to y= 0.1 D above the floor, instantaneous
flow reversal con occur (the probability decreases with y).
These results were used to select the measuring points at
which to operate the hot wire probe. For lower velocity
ratios another separation region was found to exist inside
the tube near the leading edge where the adverse pressure
gradient is high (see (1) ).

Figure 6 shows the turbulent kinetic energy profiles
on the plane of symmetry. There are three distinct regions
which con be observed in the profiles: the near region
over the jet exit where the boundary layer is subjected to
high rate of strain OV/dx due_to streamlike curveture,
resulting in on overshoot of q%; the immediate downstream
region where _fn is produced; ond the far downstream
region where q° starts to decay and velocity gradients
are smaller, In the first region, where the interaction
between the two vortical fields begins to take ploce,
turbulent mixing of the two flows is important even though
the mean ﬁeld picture indicates that the jet fluid acts
f{ike a "cover” over the jet. The fluid there is also sub-
jected to lateral divergence leading to an extra component
of meon rate of strain OW/az (> 0) although w=0, ot
23 0, in addition 4o @V/Ax. A posidive valua of W/

R= 05 1
2/D=00

x/D=z 400

x/D=50
x/D=.25

+ x/D=.00

x/D =-.25

g X/D=-50

Fig. 6 Turbulent kinetic energy prufiles dt 3/D = 0.0

implies immediately "negative" prodwshon of turbulent
kinetic energy because of the term W< 3dW/Dz in the
turbulent kinetic energy transport equation. Furthermore
GW/az must be bolanced by negative values of 8U/ox +
&V/8y. In that specific region dV/dy seems to be fairly
small but negative and only the longitudinal deceleration




8U/0x bolances the lateral divergence which can lead Figure 7 and 8 show profiles of uv at two lataral positions

to increased enfrainment and mixing. Smits et ol (14) 2/D = 0 and ~0.5 for different downstreom positions.
found indeed high entrainment velocities in boundary Generally the pecks in the uv profiles comespond to
layer with strong lateral divergence, almost three times positions of maximum dU/By which is one of the main
higher than that of a typical boundary layer with same mean strain rates in producing turbulent kinetic energy or
Re. Most the streamline curveture on the x, y plane shear stress (UV). At the plone of symmetry this term, like
takes place from the beginning of the interaction up to alU/dy, does not change sign. However, ot 2/D = 0.5 it
x/D =1 where 3V/0x is becoming negligible. At that does chonge sign af various positions over the exit and at
point 'tiz starts to increase rupndly and around x/D=2 or the x/D = 1. Here the sign changes do not correspond
shortly ofter reaches its maximum value at the “woke" closely to sumlor r_changes of 9U/Dy. Similar behaviour is

3 like region where the flow is accelerating (9U/8x>0). observed at the uw distributions at x/D = -0.5 (Fig. 9

i This reduces the energy produchon, but due to sreomiines where two zero crossings of Ow occur at the immediate

-3 convergence overall production is strong since both downstream station x/D = 1 and 2, while 9U/Qz is every-

S 0W/dz ond dV/dy ore negotive. The last two rates of where negative. The second crossing near the wall occurs

strain terms together with the positive aU/dy are mainly
responsible for the high levels of turbulent kinetic energy R+ 05

which are evident at x/DE 1. zID;-.SO { 1 ; v
1/4 — x/D=10

s
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R =05 1 2z 2—7—3 x/D: 6.00
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] Fig. 9 uw-profile at 2/D = -0.50

d Fig. 7 uv-profiles ot z/D = 0.0

in the vicinity of the vortex centre. However, assuming

: rotation of vortical fluid by 90°, so that the eddies with

a contribution to uv after rotation contribute to uw

1 instead, caonnot be justified by the present results, since

R=05 1 . vv ond yw profiles do not comrespond in any sense. Similar

2/0=-50 ] d ist the behaviour of vw at z/D = 0.5 shown in Fig. 10.
1

1/ ‘;_;_w""o'n This shear stress has o magnitude almost a third of that of

x/D=800 Uw in the downstream regions but in the upstreom stations

,1’7:’;“@ i.e. in the oncoming boundary layer, it reaches values of
1 1 ’ the some order of magnitude of Ow.
] j v —~—— x/D=2.00 Although this paper is not directly concerned with
x/D =100 calculation methods, it should be pointed out that the
] /D= 50 eddy viscosity concept —uv/au/ay or even the non-kotropic
1 1 ’ eddy viscosity -Gw/BU/0z as it hos been introduced in

x/De.5 (2) ore quite unlikely to give satisfactory results since
x/D s 00 the longitudinal and normal momentum will be miscalcu-
® x/De-25 lated and the dissipation rate might be negative if locol-
" - equilibrium arguments are involved.
i’ QL—'*—'—" p 15’”0"-50 In Figures 11a and b the normal (by and loteral (b,)
B el growth of the jet are plotted as functions of x/D for
e y/D various values of 2/D or y/D respectively. Both have

been defined os the points where the sheor stress Ov falls

to 0.05 (U¥pgx-0ve) (where Uv, is the assymptotic volue
) _ of the profile). First it is clear that the width b_ reduces
Fig. 8 wuv-profiles ot 2/D = -0.50 with z os does the growth rate. The growth rate’is high
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close to the exit; roughly equal to 0.32 and is seen to be
greoter thon the iateral spreading rate of 3-Dimensionol

jots on plane surfaces, which according to the review of
Rodi ond Launder (15) is equal to 0.26. At the imme-

x/D=10
diate downstream region the spreading rate is grodually

T M0 ® | iced up to the station x/D = 5 at which point it tokes
— x/Ds=4.00 on o value similar to that of an axisymmetric jet in

stagnant surroundings. [t then reduces further until the
boundary layer growth is asymptotically reached. The
lateral spreading rate, however, seems to be fairly
constont (0.105) for oll the investigated x positions and
almost equal to the mixing layer spreading rote. It seems
that the bound vortices and the low back pressure greatly
effect the spreading of the jet in these two directions.
The ftow back pressure opposes the normal growth of the

o 5
é.o - ———— x/D=-50 jet by causing the "downwash" effect in the streamline
g a8 12 16 as it has been shown in the V-profiles. Here the aoction
© y of the longitudinal vortices is pressumably suppressed. The
lateral spreading of the jet, however, is likely to be
D
e controlied by the vortices rather than the back pressure
' since pressures in this direction are smoothly varying.
Fig. I o7 st
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Figure 12 shows the turbulent kinetic energy q° ot

bz
o ——-—‘;’___"’:——-—3 x/P = 4, on the plane of symmetry z = 0. The terms

M%r;'ﬁ‘______

pa

rd

7

el

- 3q°/9z, 3U/0z, OV/d2 are zero by arguments of symmetry;

Advection : U# + V?z

T
0

X/D 5
Fig. 11b Loterol growth of jet: @ y/D = 0.18,
oy/D =028 s y/D = 0,38,
oy/D =048, o y/D = 0.68

& y/D 3 ‘28

] the remaining terms are as following:
—~

" Production: "21!?' ,,2# . wzi!ﬂ | %EL, g_“v;_]
Diffusion : .ﬁﬁ .#_ . gﬂ’_;‘
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Dissipotion is obtained by difference, neglecting the
confribution of the pressure-velocity terms Py, p'v ond
p'w to the diffusion term on grounds described in (16).
It is obvious that some changes to the turbulence structure
occur: The extremely high gain Ly production is counter-
balonced by !uss not only in dissipation but also in
diffusion, which also shows a goin at the edges of the
jot. This confirms thot the transport equations can be
reduced to “mean transport" = "turbulent transport” near
the outer edge of the jet, waere the measured longi-
tudino) ond iateral diffusion is small. Then it can be
aasily argued that th: entrainment velocity Vg is high
olthough not equol_to V,, = §24/& because longitudinal
odvection Ud1/2 q2,0>: s also high.

CONCLUSIONS

Several interesting features of the jet in o cross
flow are brought to light by the present results. The
bound vortices which are f .nd to be present at high R
were also found ot low R U.5. These results also support
the numerical predictions of Bergeles Grossman ond
Launder (3) who found weck secondary flows ot R=0.1
but their anisotropic eddy viscosity assumption is not
supported. These vortices were found to influence the
lateral spreading rate b, which maintained o constant
value of 0.105 Curvature of the jet streamlines begins
inside the tube an< at the final stages of curvature
extremely high Reynolds stresses ore developed. These
reach a maximum ot o downstreom distance of about 2
tube diameters where entrainment of free stream fluid is
high. The results also show clearly thot almost none of
the terms involved in the transport equations are negli-
gible and calculation methods bused on eddy-viscosity ond
local equilibrium concepts are not expected to succeed.

The present work has been supported by the Deutsche
Forschungsgemeinschaft and has benefited from good
colaboration with Prof. J. Foss.
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THE TURBULENCE CHARACTERISTICS IN THE NEAR-REGION OF THE WALL JET

ISSUED FROM A SMALL INCLINED SLOT

Masahide Hatano

Department of Aeronautical Engineering
National Defense Academy
Hashirimizu, Yokcsuka 239, Japan

ABSTRACT

An experimental investigation of the turbulence
characteristics in the near-region of a steady incom-
pressible turbulent plane wall jet of air injected
from a small inclined slot into still surroundings is
performed by use of a large apparatus which has a
height of injection slot approximately ten times
greater than that used by the previous investigators.
The present wall jet is injected under the initial
conditions of the uniform time-mean velocity distri-
bution and very low turbulence intensity. The turbu~
lence characteristics are obtained in detail by use
of the hot-wire anemometers within a nondimensional
downstream distance up to about 20 at the injection
Revnolds number 6 x 10“. It is found that the turbu-
lence characteristics are less affected on the injec~
tion conditions and the existence of the corner of
small inclined slot than the time-mean characteris-
tics obtained in the previous investigation. The
effectiveness of '"Coanda Effect" is confirmed also
from a view of turbulente characteristics.

NOMENCLATURE

b : width of the wind tunnel
h : height of the injection slot
k : wave number
Rej = Uj x h/v : injection Reynolds number
Ry, Ry, Ry : autocorrelation of u, v, w
tyuy ty, ty : time-scales of u, v, w
T : time separation
u, v, W : components of turbulence
u’, v', w' : root-mean-square values of turbulence
us : friction velocity
U : mean velocity component parallel to the wall
Uy : injection velocity
Um : maximum value of U at a given section
x : distance measured along the wall downstream from
the corner of small inclined slot
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